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A bstract
The macroschizont stage of the protozoan parasite  Theileria annulata  has 
the unique ability to im m ortalise the bovine leukocyte in which it resides. 
Little is known of the mechanisms by which the parasite  is able to induce 
im m ortalisation, bu t a num ber of associated changes to host cell gene 
expression have been documented. One such modification is an  a lteration 
in the profile of surface polypeptides expressed by the infected cell. One of 
these infection associated surface antigens is recognised by monoclonal 
antibody 4H5. In T. annulata  infected cells th is molecule w as shown to 
have a variable molecular m ass of between 90 and 125 kDa when different 
cell lines were analysed. Im m une bovine sera  failed to recognise th is 
antigen and it is likely th a t it is encoded by a bovine gene, the expression of 
which is up-regulated by the presence of the parasite. C haracterisation of 
th is an tigen  and investigation of how its  production is e levated upon 
infection would provide insights into its  possible function, and  allow a 
c learer understand ing  of how the p a ra s ite  m odulates host cell gene 
expression. To in itiate  these studies imm unoaffinity chrom atography was 
used to purify the antigen  (TaHBL20/125) from T. a n nu la ta  (H issar) 
infected cells, and the N term inus of the  polypeptide was sequenced. 
Homology was found betw een th is  peptide sequence and th e  hum an  
intracellular adhesion molecule, ICAM-1. Information from the amino acid 
sequence data  was then used to design degenerate oligonucleotide pools and 
an infected cell cDNA library was screened with these probes. Considerable 
problems were encountered in the  design of the  oligonucleotides and the 
gene of in te res t was not isolated. However, estab lishm ent of an tigen  
purification protocols provide the basis for further study.
T. annulata  is known to infect cells of the monocyte/macrophage and B cell 
lineages. TaHBL20/125 could therefore rep resen t an up-regulated  host 
molecule associated w ith cells of a related  lineage. Monoclonal antibody 
4H5 was found to recognise an antigen of 160 kDa in the hum an leukemic 
cell line  HL-60. F u rth e rm o re , d iffe ren tia tio n  of HL-60 tow ards 
granulocytes resulted in a significant increase in the expression of the gl60 
kDa antigen. Previous studies on differentiation in T. annulata  have drawn 
general parallels between the processes of differentiation in the  parasite  
and higher eukaryotic cells. The reactivity shown by monoclonal antibody 
4H5 against HL-60 during differentiation to granulocytes was used as a 
sensitive m arker to extend these parallel studies. The resu lts indicated 
th a t during differentiation of HL-60 there is a reversible phase w ith  respect 
to the 4H5 epitope and th a t the ability to differentiate is m odulated by 
conditions which a lte r the  growth ra te  relative to division. As sim ilar 
findings have been found in T. annu la ta  it  is proposed th a t  the  basic 
mechanisms controlling differentiation in higher eukaryotes and protozoan 
cells m ay be related, reflecting the operation of a prim itive m echanism  
which has been retained by lower and higher eukaryotes.
D eclaration
The experimental work described in this thesis was carried out in the 
Department of Veterinary Parasitology, University of Glasgow, between 
October 1993 and February 1997. Except where stated otherwise, the 
results presented are my own.
J *
Acknowledgements
Among th e  m any people to whom I am  indebted for a ssistance  and 
encouragem ent during the preparation of th is thesis, I would particu larly  
like to th an k  my principal supervisor Dr B rian Shiels for h is excellent 
guidance and support throughout. Similarly, I am also indebted to Dr Jane  
K innaird, D r Eileen Devaney, Dr Jerem y M ottram  and Professor Andrew 
T ait for th e ir invaluable assistance and advice. I also th an k  my colleagues 
a t the  departm ent of V eterinary parasitology and a t the  Wellcome U nit of 
M olecular Parasitology, for their abundant help and general encouragem ent 
and in  particu lar, I th an k  Ms Sue McKellar for her invaluable technical 
assistance.
I am  gratefu l to D r Jan e  K innaird for the  provision of the  XZap cDNA 
library. To Mr B rian D unbar of the University of Aberdeen for assistance 
w ith  pro tein  sequencing. To Dr Nancy Hogg of the  Im peria l C ancer 
Research Fund, London, for the  provision of th e  an ti-h u m an  ICAM-1 
antibody. To Ms Gwen Wilkie and Professor Duncan Brown of the Centre of 
Tropical and  V eterinary  M edicine, E dinburgh, for a ssis tan ce  during  
sporozoite infection experim ents. To Dr Leila Ben-Miled of the  Institu te  
Pasteur, Tunis, for the  provision of the FACS analysis data. To D r A listair 
McGregor of the  D epartm ent of Virology, U niversity of Glasgow, for the 
supply of various reagents and equipment. To Mr F rank  Johnson and Mr 
G raham  Brown of the University of Edinburgh and to Mr Alan May of the 
University of Glasgow, for the preparation of the photographs presented in 
this thesis.
I would like to acknowledge the financial support of the Biotechnology and 
Biological Sciences Research Council.
On a more personal note, I would like th an k  Ju lie  Nybo, Rowena Stern, 
Pam  Knight and A listair McGregor for their abundant m oral and  physical 
support throughout my unfortunate disablem ent and thanks also to Colin 
Chapm an, who's devotion to Bertie's welfare saved his san ity  if  not his 
waistline.
A bbreviations
ATP adenosine triphosphate
cAMP cyclic adenosine monophosphate
bp base pair
cDNA complementary deoxyribonucleic acid
dH20 distilled w ater
dATP 2'-deoxyadenosine 5'-triphosphate
dCTP 2'-deoxycytidine 5'-triphosphate
dGTP 2'-deoxyguanosine 5'-triphosphate
dTTP 2'-deoxythymidine 5'-triphosphate
DNA deoxyribonucleic acid
kb kilo base
kDa kilodalton
RNA ribonucleic acid
spp. species
te tick equivalent
Tris Tris (hydroxymethyl) am inom ethane
Abbreviations............................................................................................................... i
Chapter 1 .....................................................................................................................1
1.1. In troduction .......................................................................................... 2
1.2. The life Cycle of Theileria annu la ta ................................................ 3
1.2.1. Bovine s ta g e s ..........................................................................4
1.2.2. Tick s ta g e s ................................................................................11
1.3. Pathogenesis.......................................................................................... 11
1.4. Epidemiology and Diagnosis............................................................... 13
1.5. Bovine Im m une Response................................................................... 14
1.5.1. Hum oral response................................................................... 14
1.5.2. Cell m ediated response ......................................................... 16
1.6. Control M easu res................................................................................... 17
1.6.1. Vector Control.......................................................................... 17
1.6.2. C hem otherapy......................................................................... 18
1.6.3. Vaccines..................................................................................... 18
1.7. P arasite  Control of Host Cell Gene Expression............................. 22
1.7.1. IL-2 and IL-2R.........................................................................23
1.7.2. Altered patterns of phosphorylation...................................26
1.7.3. M etalloproteinases.................................................................28
1.7.4. Antigenic differences..............................................................31
1.8. Stage Differentiation in T. a n n u la ta ............................................... 32
1.9. Objectives of this w ork .........................................................................42
1.10. Sum m ary of work presen ted ............................................................ 43
Chapter 2 .................................................. .................................................................. 44
2.1. In troduction ...........................................................................................45
2.1.2. A im s......................................................................................................47
2.2. M aterial and M ethods..........................................................................49
2.2.1. Cell c u ltu re .............................................................................. 49
2.2.2. Cryopreservation of cell lines............................................... 49
2.2.3. In  vitro infection of BL20 with T. annulata
(Hissar) sporozoites................................................................ 49
2.2.4. A n tisera .....................................................................................50
2.2.5. Immunofluorescence assays (IFA)...................................... 51
2.2.5.1. Ind irec t.......................................................................51
2.2.5.2. Cell surface IF A ....................................................... 52
2.2.5.3. DAPI staining of IFA s lid e s .................................. 52
2.2.6. Preparation of cell extracts................................................... 52
2.2.6.1. Protein quantitation of cell ex tracts................... 53
2.2.7. SDS-Polyacrylamide Gel Electrophoresis (PA G E) 53
2.2.8. W estern b lo tting ......................................................................55
2.2.9. Periodation of im m unoblots..................................................56
2.2.10.Im m unoprecipitation..............................................................56
2.3. R e su lts .................................................................................................... 58
2.3.1. Immunofluorescence studies using monoclonal 
antibody 4H 5.........   58
2.3.2. Identification of TaHBL20/125 by 
im m unoblotting......................................................................58
2.3.3. Confirmation of TaHBL20/125 as g lycoprotein...............60
2.3.4. Establishm ent of newly infected cell lin e ......................... 60
2.3.5. Induction TaHBL20/125 in nTaHBL20..............................61
2.4. D iscussion...............................................................................................63
C hapter 3 ......................................................................................................................70
3.1. In troduction ........................................................................................... 71
3.2. M aterial and M ethods......................................................................... 75
3.2.1. Cell lines and culture conditions..........................................75
3.2.2. A ntisera ......................................................................................75
3.2.3. NBT reduction t e s t ..................................................................75
3.3. R e su lts ..................................................................................................... 77
3.3.1. Detection of antigen recognised by monoclonal 
antibody 4H5 on HL-60 cells during
differentiation towards granulocytes.................................77
3.3.2. Restriction of the 4H5 antigen to cells of the 
granulocyte lineage ...............................................................78
3.3.3. Identification of gl60 in HL-60 by 
im m unoblotting...................................................................... 79
3.4. D iscussion.............................................................................................. 80
C hapter 4 ......................................................................................................................84
4.1. In troduction ........................................................................................... 85
4.1.1. A im s ........................................................................................... 91
4.2 M aterials and M ethods......................................................................................92
4.2.1. Cell lines and culture conditions........................................92
4.2.3. M easurem ent of DNA S y n th esis ........................................92
4.2.2. M easurem ent of protein Synthesis.................................... 92
4.3 R e su lts .......................................................................................................94
4.3.1. Kinetics of 4H5 reactivity during differentiation 
towards granulocytes........................................................... 94
4.3.2. Reversible expression of the gl60  kDa antigen on 
H L -60 ........................................................................................95
4.3.3. Elevation of g l60  kDa expression by modulation
of growth relative to division.............................................. 99
4.4. D iscussion................................................................................................ 103
C hapter 5 ...................................................................................................................... I l l
5.1. In troduction .............................................................................................112
5.1.1. A im s........................................................................................................114
5.2. M aterials and M ethods........................................................................ 116
5.2.1. Coomassie staining of SDS-PAGE g e ls .............................116
5.2.2. Purification of monoclonal antibody 4H5 from ................ 116
5.2.2.1. Ammonium sulphate p recip ita tion  .......... 116
5.2.2.2. Protein A immunoaffinity
chrom atography...................................................... 116
5.2.2.3. Biotinylation of monoclonal antibody
4 H 5 ............................................................................. 117
5.2.3. Immunoaffinity Purification of TaHBL20/125 ............  117
5.2.3.1. Concanavalin A lectin affinity 
chrom atography...................................................... 117
5.2.3.2. Biotin/streptavidin 4H5 immunoaffinity 
colum n.......................................................................118
5.2.4. Protein sequencing................................................................119
5.2.4.1. SDS-PAGE................................................................ 119
5.2.4.2. W estern b lo tting ..................................................... 120
5.2.5. Synthesis and end labelling of oligonucleotides..............121
5.2.6. Oligonucleotide screening of bacteriophage cDNA 
lib ra ries.................................................................................... 121
5.2.7. In  vivo excision...................................................................... 123
5.2.8. Preparation of DNA............................................................... 124
5.2.9. Agarose gel electrophoresis..................................................124
5.2.10. Restriction of D N A ................................................................ 125
5.2.11. Mapping of X Zap clones by restriction digest and 
Southern b lotting....................................................................125
5.2.12. Sub-cloning of ^ Zap cDNA clones.......................................126
5.2.13. Preparation of competent cells and
transform ation ....................................................................... 127
5.2.14. Automated DNA sequencing...............................................128
5.3. R e su lts ......................................................................................................130
5.3.1. Immunoaffinity purification of TaHBL20/125 .............. 130
5.3.2. Amino acid sequencing of TaHBL20/125 ....................... 132
5.3.3. Oligonucleotide screening of a X Zap D7/37 cDNA 
lib rary ........................................................................................133
5.3.4. C haracterisation of X Zap c lones........................................ 134
5.4. D iscussion.................................................................................................138
C hapter 6 .......................................................................................................................146
General Discussion..........................................................................................147
References......................................................................................................................153
Appendix........................................................................................................................ 182
G eneral In trod u ction
1.1. Introduction
Theileria spp. are  group of tick borne protozoan parasites responsible for 
diseases of a  wide variety  of wild and domestic rum inants. Theileria spp. 
a re  classified w ith in  the  sub-phylum  Apicomplexa, which also includes 
o ther im portan t parasitic  genera such as B abesia , E im eria , P lasm odium  
and Toxoplasma (Levine, 1988). There are  six species of Theileria which 
a re  infective for c a ttle  and  dom estic buffalo. T hese species a re  
d is tin g u ish e d  by geograph ica l d is tr ib u tio n , th e  m orphology of 
m acroschizont and piroplasm  stages, pathogenicity, vector species and by 
indirect immunofluorescence antibody tests (Kimber, et a l ., 1973). The two 
m ost im portant species both clinically and economically are T. parva  and T. 
annu la ta . T. parva  is transm itted  by Rhipicephalus species of ticks and 
causes E ast Coast fever, while T. annulata  is transm itted  by H yalom m a  
spp. and causes tropical theileriosis (Dolan, 1989). Also significant is T. 
sergenti, which is transm itted  by Haemaphysalis spp. and is an  im portant 
pathogen in E as t Asia. The rem aining th ree  species, T. taurotragi, T. 
m utans  and T. velifera are only rarely pathogenic. O ther mem bers of the 
genus include T. camelensis, which infects camels, T. h irci, which infects 
sheep and goats, and T. ovisy T. recondita and T. separarata , which are non- 
pathogenic parasites of small rum inants (Dolan, 1989). This project was 
concerned w ith  the  study of T. annula ta  and subsequent sections will 
concentrate on th is species, however, reference to other species will be made 
where appropriate.
T. annula ta  was first described by Dschunkowsky and Luhs (1904) and is 
the etiological agent of tropical theileriosis, a  debilitating and often fatal
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disease. Tropical theileriosis occurs over a vast area stretching from N orth 
W est Africa and Southern Europe through India and the  Middle E as t to 
parts  of N orthern China. Geographical lim itations of the disease reflect the 
availability of a suitable vector species and environm ental factors such as 
tem pera tu re  (Robinson, 1982). In  Africa the  disease is restric ted  to the 
northern  countries and is found in Tunisia, Morocco, Egypt, Sudan, Algeria 
and Libya. In  Europe T. annulata  is found in the southern  countries of 
Greece, Spain, Italy, Bulgaria and Portugal; w ith the range of the parasite  
extending to the Middle East, Southern Russia, India, Pakistan , and China 
on the  Asian continent (Purnell, 1978). Over 200 million cattle are thought 
to be a t risk  from the  disease, which imposes severe constrain ts on the  
production and improvement of livestock in endemic areas (Purnell, 1978). 
In  addition to the cost of treatm ent, surviving anim als often suffer from 
reductions in m ilk yield and loss of body weight, as well as abortion and 
infertility. Such economic losses are especially acute in m any developing 
countries w here there  is increasing pressure  to feed a growing hum an  
population and, where domestic anim als are used not only for food, bu t also 
for tractive power and as a source of fertiliser. Precise losses resulting from 
th is disease are difficult to calculate, however the development of effective, 
safe and low cost control m easures for tropical theileriosis a re  of g rea t 
importance to the economy of countries where the disease is endemic.
1.2. The life Cycle of Theileria annulata
Theileria spp. undergo a complex life-cycle a lternating  betw een the  bovine 
host and  the  tick vector (Figure 1). D ifferentiation from one stage to 
ano ther is fundam ental to the  biology of these parasites and facilitates 
expansion and transm ission  w ith in  and betw een the  host and  vector. 
Asexual m ultip lication  of the  parasite  takes place a t th ree  stages, by
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sporogony in the tick vector and by schizogony and merogony in the  bovine 
host, while sexual reproduction occurs in the tick.
1.2.1. Bovine stages
The bovine host becomes infected w ith T. annulata  through the inoculation 
of sporozoites in the  saliva of feeding ticks. Sporozoites invade leukocytes 
w ithin 5-60 m inutes of inoculation, and as m any as 15 sporozoites can be 
in ternalised  w ithin an individual leukocyte after 60 m inutes (Ju ra , et a l ., 
1983). In T. parva  en try  of sporozoites into bovine leukocytes involves a 
defined series of events, and  w h ilst these  have not been  as well 
characterised  for T. a n n u la ta , m any sim ilarities exist. In itia lly  the  
sporozoite recognises and  binds to one or more sites on the  leukocyte 
plasm a m em brane. The process of sporozoite invasion th en  takes place 
rapidly, w ithin 15 m inutes a t 37°C (Shaw, et a l ., 1991). A close continual 
junction forms between the sporozoite and the leukocyte m em branes. The 
sporozoite m oves in sid e  th e  h o st leukocyte  by p rog ressive  and  
circum ferential "zippering" of the  closely apposed m em branes (Fawcett, et 
a l ., 1982a). While in itial recognition and binding of the sporozoites to the 
lymphocyte m em brane is not tem perature dependant and can take place a t 
0-2°C, subsequent zippering and in ternalisation is, indicating th a t th is is an  
energy dependant process (Jura, 1984; Shaw, et al., 1991). The separation  
of host and sporozoite m em branes coincide w ith the discharge of both the 
m icrospheres and the  rhoptries, w ith  the  contents of the  m icrospheres 
forming a layer of dense fuzzy m aterial 10-15 nm thick on the surface of the  
sporozoites (Fawcett, et a l., 1982a; Shaw, et a l ., 1991; W illiam s and  
Dobbelaere, 1993). The parasite  escapes into the host cell cytoplasm as the  
host cell m em brane d isin tegrates and an  orderly a rray  of m icrotubules 
surround the  sporozoite and the  subsequent developing parasite , closely 
associating w ith the fuzzy m aterial on the parasite  surface (Fawcett, et al.,
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1984; Fawcett, et al., 1982a; Shaw, et al., 1991; Stagg, et al., 1980). Unlike 
re la ted  protozoans such as Toxoplasma and P la sm o d iu m , Theileria  is not 
reta ined  inside a parasitophorous vacuole (Mehlhorn and Schein, 1984).
Conflicting da ta  exists as to w hether the  sporozoites en ter the host cell in 
any p a rticu la r orientation. Ju ra , et al. (1983) found th a t T. annu la ta  
sporozoites consistently attached to the  leukocyte plasm a m em brane by 
th e ir basal end, possibly a t specific receptor sites, w hereas M ehlhorn and 
Schein (1984) repo rted  th a t  sporozoites en te red  in  any o rien ta tion . 
Experim ents w ith T. parva  have im plicated a role for MHC class I in the 
binding of sporozoites to host leukocytes. Shaw, et al. (1991) dem onstrated 
th a t monoclonal antibodies reactive w ith MHC class I molecules or w ith P2- 
microglobulin could inhibit sporozoite entry. Additional evidence for the 
involvement of MHC class I came from experim ents using a series of bovine 
deletion m u tan t cell lines from which one or both MHC I haplotypes had  
been lost. Shaw, et al. (1995) were able to dem onstra te  a correlation 
between the level of MHC class I expression and sporozoite binding. Using 
a double deletion cell line w ith  less th a n  5% of the  norm al class I 
expression, invasion of sporozoites was reduced by over 95% compared to 
parental lines. Almost all nucleated cell types express MHC I, however, the 
highest levels of class I are expressed on the surface of lymphocytes where 
they constitute approxim ately 1% of the  to tal plasm a m em brane proteins 
(Kuby, 1992). These resu lts im plicate a role for binding to MHC I in the 
entry of sporozoites into lymphocytes where the molecule is present in large 
am ounts, although they cannot fully explain the invasion of other leukocyte 
types and binding to more specific receptors in addition to MHC I could also 
be involved. T. annulata  is known to infect a different leukocyte population 
to th a t of T. parva , and it is not known w hether the binding of T. annulata  
sporozoites to host leukocytes occurs by a sim ilar m echanism . In  vitro T.
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annulata  has been shown to preferentially  infect cells positive for MHC 
class II, th a t  is cells of the  monocyte/m acrophage and B cell lineages, 
though the  infection of B cells is m uch less efficient (Glass, et a l ., 1989; 
Spooner, et a l., 1989; Spooner, et al., 1988). T. parva  preferentially infects T 
cells and in certain  circumstances B cells (Baldwin, et al., 1988; Naessens, 
et al., 1985). However, in vivo it has been dem onstrated th a t infected cells 
stop expressing a  num ber of cell surface m arkers, including those of B cells 
and monocytes, m aking it difficult to determ ine the  precise cell type 
infected (Glass and Spooner, 1990; Spooner, et al., 1989; Spooner, et al.,
1988). The molecular na tu re  of species specificity is unknown, however, the 
distribution of specific cell receptors could play an  im portant role in the  
determ ination of cell tropism  and it is also likely th a t other factors, such as 
differences in the  in trace llu lar environm ent following invasion could be 
involved.
In T. annulata  inhibition of sporozoite invasion has been dem onstra ted  
using antibodies directed against an  expressed recom binant sporozoite 
surface an tigen  (SPAG-1) gene fragm ent (W illiamson, et al., 1989). The 
predicted polypeptide sequence of SPAG-1 was shown to have homology to a 
repetitive domain in bovine elastin. As elastin  is present on a large range of 
cell types including macrophages/monocytes it was thought th e  SPAG-1 
could rep resen t the  ligand by which T. annula ta  recognises is host cell 
(Hall, et al., 1992). This was la ter discounted by Campbell, et al. (1994) who 
showed th a t T. annulata  sporozoites infected both e lastin  receptor positive 
and negative cell populations. More recently  Shaw (1996) w as able to 
inhibit sporozoite entry  using a range of trea tm en ts known to affect cell 
adhesion processes, however, as a to tal inhibition of sporozoite en try  could 
not be achieved, th is could indicate th a t sporozoite b inding/in ternalisation
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could involve low affinity interactions between a num ber of both host and 
parasite  molecules.
Once inside the host leukocyte the sporozoites develop into trophozoites, a 
tra n s ie n t feeding stage (Jura, et al., 1983), before undergoing nuclear 
division to form m ultinucleated macroschizonts. The m acroschizonts lie 
free w ithin the host cell cytoplasm surrounded by a plasm a m em brane th a t 
has no obvious outer coat (M ehlhorn and Schein, 1984; Shaw and Tilney, 
1992). Nuclei are  scattered random ly throughout the schizont cytoplasm 
and are surrounded by a typical nuclear envelope (Shaw and Tilney, 1992). 
M itochondria are usually found in pairs throughout the cytoplasm, together 
w ith  conspicuous num bers of m em brane free ribosomes and sm all clusters 
of polysomes. The schizont cytoplasm contains very few other organelles, 
w ith no Golgi apparatus or endoplasmic reticulum  (Shaw and Tilney, 1992). 
Developm ent of the  m acroschizont induces host cell blastogenesis which 
leads to the  rapid clonal expansion of parasitised cells. During this process, 
a t lea s t in vitro , host and p a rasite  cell division occur synchronously 
(Hulliger, et al., 1964). Recently a cdc2-related kinase, w ith  over 60% 
homology to the  p34(cdc2)/p32(CDK2) eukaryotic cyclin-dependant kinase 
has been isolated from both T. annulata  and T. parva. Expression patterns 
of RNA and protein indicate th a t the Theileria cdc2-related kinase probably 
functions in  all dividing stages of the  parasite  and is likely to play an 
im portant role in the regulation of nuclear division (Kinnaird, et al., 1996). 
During division the parasite becomes associated w ith the mitotic apparatus 
in prophase and m etaphase, and over this tim e the DNA is replicated (Irvin, 
et al., 1982). D aughter parasites are separated  by cytokinesis of the  host 
cell during anaphase, but the division of the parasite m ay be unequal. Cells 
which m ay have lost the  parasite  as a resu lt of unequal division cease to 
divide after a few days.
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The m ajority of macroschizont infected cells continue to grow and divide. 
However, a proportion undergo the process of merogony, whereby num erous 
uninucleate merozoites are formed from the syncytial schizont. Initially, 
merogony is characterised by structu ra l and organisational changes. An 
endoplasm ic reticulum  is formed and the  outer surface of the  schizont 
becomes covered by a thick coat (20-25 nm), which persists and is found on 
the surface of m atu re  m erozoites. Changes are  also observed in the  
schizont nuclei where condensation of chromatin and close apposition of the 
nuclear envelope around p art of the nucleus takes places. Nuclei m igrate 
by an unknown mechanism to the periphery of the schizont, such th a t the 
modified portion of the nuclear envelope becomes closely associated w ith the 
schizont plasm a membrane. Mitochondria also become associated with the 
non-specialised p art of the nuclear envelope. Rhoptries appear w ithin the 
schizont cytoplasm, frequently in small clusters in close proximity to both 
the nuclear envelope and to fibrous m aterial which ultim ately connects both 
the rhoptries and the nuclear envelope to an inwardly projecting peg from 
the schizont membrane. Thus, prior to the formation of free merozoites the 
nucleus, m itochondria, rhop tries and p lasm a m em brane all become 
interconnected. The next stage is the formation of individual unicellular 
merozoites by 'budding' from the schizont. As outlined by Shaw and Tilney 
(1992), th is process involves the formation of a m icrotubule basket which 
encloses the rhoptry and nuclear complex in plasm a m embrane. At the end 
of merogony the host cell contains large num bers of m ature merozoites and 
a residual body. Break down of the host plasm a mem brane eventually leads 
to merozoite liberation. As de novo synthesis of organelles does not take 
place, the m ature merozoite m ust contain all the organelles required for the 
next stage of the life cycle. This is ensured by the interconnection of these 
organelles to the plasm a membrane. Free merozoites (1-2 |im in  diam eter)
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are covered in a 20-25 nm thick coat w ith a single nucleus and between 3 to 
6 rhop tries (M ehlhorn and Schein, 1984). In addition, the  cytoplasm 
contains free ribosomes, 1-2 mitochondria and microspheres. Unlike other 
m em bers of the Apicomplexa, no clearly defined apical complex or conoid is 
present.
Very little  is known about the entry of merozoites into erythrocytes. Work 
on T. sergenti has suggested th a t the anterior of the merozoite is involved in 
the  initial attachm ent to the erythrocyte (Kawamoto, et a l ., 1990). In direct 
conflict to this, work by Shaw and Tilney (1995) suggested th a t merozoite 
invasion takes place by a m echanism  very sim ilar to th a t  described for 
sporozoites (Shaw, et al., 1991), w ith recognition and a ttachm en t to the 
erythrocyte occurring in any alignment, w ithout re-orientation of the apical 
end of the parasite. Following internalisation, the merozoite escapes from 
the  enclosing erythrocytic plasm a m em brane and th is process coincides 
w ith  the discharge of the rhoptry contents. Host m em brane fragm entation 
occurs and the  p a rasite  lies free w ith in  the  cytoplasm . U nlike the  
m acroschizont, host cell m icrotubules do not associate w ith  the  parasite  
surface. The entry of Theileria  merozoites into erythrocytes appears to be 
different from th a t of other Apicomplexan zoites. For example, following 
attachm ent, Plasmodium spp. and Babesia spp. re-orientate them selves to 
position the apical end next to the erythrocyte m em brane and entry  into the 
host cell is facilitated by the discharge of the  rhoptries (B annister and 
Dluzewski, 1990; Igarashi, et al., 1988; Mitchell and Bannister, 1988).
Merozoites appear inside erythrocytes approximately 8 days after infection, 
w ith  up to 90% of erythrocytes becoming infected. Two general forms; 
slender, comma-shaped- and ovoid forms are th en  observed w ith in  the 
erythrocyte. The occurrence of the two forms varies according to species,
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w ith  approxim ately 80% ovoid forms observed in T. annula ta . Ovoid 
piroplasm  forms are thought to represent gamonts which are pre-adapted 
for the  generation of gam ete like stages formed in the  gu t of the  tick, 
w hereas comma shaped forms are  thought to undergo division by b inary  
fission (M ehlhorn and Schein, 1984). In th is instance, nuclear division is 
alw ays associated w ith  cellu lar division so tru e  schizonts do not occur. 
Occasionally four merozoites form a te trad  or "Maltese-cross" arrangem ent 
and it has been suggested th a t th is represents a significant dividing form of 
T. annulata in vivo (Mehlhorn and Schein, 1984). The merozoites generated 
w ith in  the  erythrocyte by th is process are  identical to those produced by 
intraleukocytic schizogony, leading to the suggestion th a t these forms could 
be responsible for the  re-invasion of erythrocytes (Conrad, et al., 1985). 
However, the exact role of th is stage in m ain tain ing  persisten t infection 
rem ains unclear, clonal expansion of the parasite  population has already 
taken  place in the preceding life cycle stages and it would seem th a t fu rther 
expansion of the parasite  population is unnecessary. The bovine stage of 
the  life cycle is completed when the piroplasm stage is ingested by the  tick 
vector during feeding.
The processes of sporogony and merogony all involve cellularisation from a 
syncytium  and it has been proposed th a t these processes take  place by 
a lm ost id en tica l steps. M a tu re  sporozoites and  m erozo ites a re  
morphologically sim ilar and contain the sam e organelles packaged in an 
identical m anner. Shaw and Tilney (1992) concluded from th is  th a t  the 
p a tte rn  of cellularisation evolved once, and proposed th a t the  m ost logical 
way of repeating the same developmental process a t different points of the 
parasite  life cycle would be to use the sam e cassette of s tru c tu ra l genes 
combined w ith  the  novel expression of genes determ ining  stage specific 
differences such as surface coat composition.
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1.2.2. Tick Stages
T. annulata  is transm itted  transtad ia lly  by ticks of the genus Hyalomma. 
D uring their life cycle the ticks may feed on two or th ree  different hosts, 
separa ted  by periods in  vegetation or w ith in  crevices inside livestock 
housing (Robinson, 1982). Approximately 4 days after feeding and ingestion 
of piroplasm s, ray-bodies are formed. This appears to be in itia ted  by the 
lysis of the  erythrocyte w ith in  the  tick  gu t (Cowdry and Ham , 1932; 
M ehlhorn and Schein, 1984). Ray bodies are spindle shaped w ith a thorn  
like apex and several flagellar protrusions 8-12 pm in length. From these 
macro-and micro- gametes develop undergoing syngamy to form zygotes in 
the  gut of the tick. The zygotes en ter the  epithelial cells lining the  gut 
where they differentiate into club-shaped motile kinetes. The kinetes then  
move through the haemolymph to the salivary glands where they penetrate  
the salivary alveoli and transform  into fission bodies (Schein, et a l ., 1975; 
Schein, et al., 1978). The parasites undergo nuclear division to form a 
m ultinucleate syncytium, from which large num bers of sporozoites develop 
(Fawcett, et al., 1982b; Fawcett, et al., 1985; M ehlhorn and Schein, 1984). 
M ature sporozoites are secreted in the saliva of feeding ticks, completing 
th is stage of the life cycle (Purnell and Joyner, 1968).
1.3. Pathogenesis
The clinical symptoms of tropical theileriosis are associated w ith both the  
in tracellu lar schizont and the intraerythrocytic piroplasm stage. Following 
tick infestation there  is an incubation period of betw een 9 and 24 days. 
Expansion of the infected lym phoblast population causes swelling of the  
lymph nodes draining the site of initial sporozoite inoculation. This is soon 
followed by hypertrophy of lymph nodes throughout the body, and schizonts
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are also found in the liver and spleen. There is a fever of 41°C, which stays 
high un til recovery or death. In the la tte r  stages there  is loss of appetite  
w ith corresponding weight loss and a general lack of condition. D iarrhoea, 
often containing blood and mucous, is seen together w ith a  sporadic cough 
and discharge from the eyes and nose (Barnett, 1977). There is progressive 
leucocytosis w ith leukocyte counts rising from a normal of approxim ately 10 
000/mm3 to between 12 000 and 36 000/mm3 (B arnett, 1977), followed by 
leucopenia (Preston, et a l ., 1992; S rivastava and Sharm a, 1980). In  T. 
p a rva  infections only slight lowering of the  red cell count is seen in  the  
l a t te r  s tages of th e  d isease , w hereas T. annu la ta  in fec tions a re  
characteristically accompanied by severe haemolytic anaem ia caused by the  
removal of infected erythrocytes by the liver and spleen (Hooshmand-Rad, 
1976). D eath occurs in susceptible anim als approxim ately 20 days post 
infection.
Recently, it has been proposed th a t the diverse clinical symptoms observed 
during the course of an infection could be a resu lt of cytokines produced in 
response to the  p a ra s ite  (P reston , et a l ., 1993). A d m in is tra tion  of 
macrophage derived tum our necrosis factor alpha (TNF-a) has been shown 
to induce cachexia, pyrexia and leucopenia, symptoms sim ilar to those 
observed in tropical theileriosis (Beutler and Ceram i, 1986; Ulich, et a l ., 
1987). Preston, et al. (1993) found th a t T. annulata  macroschizont infected 
cells produce interferon-a (INF-a), which in tu rn  could lead to the synthesis 
of IFN-y by lymphocytes and TNF-a by m acrophages in vitro. Such 
in teractions were postulated as being able to set off a cascade of cytokine 
production leading to the notable clinical features of tropical theileriosis, 
and provided evidence of a link between the im m une response of the  host 
and the pathogenicity of the parasite.
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1.4. Epidemiology and Diagnosis
Tropical theileriosis has a pronounced seasonality in sub-tropical countries 
w here the tick vectors are more active in  the sum m er, however, th is is less 
noticeable in countries where the climate perm its the ticks to be active all 
y ear round (U ilenberg, 1981). The s im p lest te s ts  for d iagnosis of 
theileriosis are, observation of clinical sym ptom s and the  detection of 
m acroschizonts and piroplasm s in  Geimsa sta ined  blood sm ears. The 
availability of monoclonal antibodies to the sporozoite (Williamson, et a l.,
1989), m acroschizont (Shiels, et al., 1986a; Shiels, et al., 1986b) and  
piroplasm  (Glascodine, et al., 1990) stages of the parasite  could allow the 
development of enzyme linked immunosorbent assays (ELISA) to detect the 
production or release  of p a ra s ite  an tigens during  active infections. 
Kachani, et al. (1992) used sera from immunised cattle to determ ine th a t a 
piroplasm antigen was the most suitable for the development of a sensitive 
ELISA, because it exhibited low non-specific detection by norm al sera  and 
high post-infection values. The potential also exists for the  use of DNA 
probes to detect Theileria  parasites w ithin clinical samples. d'Oliveira, et 
al. (1995) have recently developed a polymerase chain reaction (PCR) assay 
using species specific prim ers against the gene encoding the T am sl m ajor 
merozoite surface antigen. This assay successfully detected the  carrier 
s ta te  in cattle infected w ith T. annulata  from four geographically d istinct 
stocks. DNA probes have also been used in epidemiological studies. Ben- 
M iled, et al. (1994) used two piroplasm  genomic DNA probes to show 
polymorphism w ithin  T. annulata  m acroschizont infected cell lines and 
piroplasms isolated from 17 sites in Tunisia.
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1.5. Bovine Immune Response
In  regions where the parasite  is found the m ortality  due to theileriosis is 
low (about 5%) in the indigenous Bos indicus cattle. Most are  infected as 
calves and have a m inim al reaction followed by recovery (Brown, 1990). 
However, the more productive European tau rine  cattle, often introduced 
in to  endemic areas, are highly susceptible to T. annula ta  infection, w ith 
m orta lity  ra tes  of 40-70% (Neitz, 1957). C attle  which recover from T. 
annu la ta  infections are  im m une to challenge from th e  sam e stock of 
parasite  and are often immune to challenge from other stocks from different 
geographical regions (Dyer and Tait, 1987; Gill, et a l ., 1980; Gill, et a l., 
1981a; Preston, 1981). The bovine immune response has been reviewed by 
a num ber of authors Brown (1990), Hall (1988) and T ait and  Hall (1990) 
and can be divided into hum oral and cell m ediated responses.
1.5.1. Humoral response
Antibodies to both the macroschizont and piroplasm  infected stages of the 
parasite  have been observed, but several observations suggest th a t they do 
not play a role in  protective im m unity. Im m une bovine sera  does not 
recognise the surface of schizont infected leukocytes in T. annulata  (Shiels, 
et al., 1989) or T. parva  (Creemers, 1982; Duffus, et al., 1978) and th is is 
also the  case for piroplasm infected erythrocytes (Hall, 1988). In addition, 
im m une serum  used in passive transfer experiments has been unsuccessful 
in  p reven ting  disease (M uham m ed, et al., 1975). C alves born to 
hyperim m une dams have been found to be fully susceptible to challenge 
from the same T. parva  stabilate, despite significant levels of anti-Theileria 
antibodies being p resen t in the  colostrum  (C unningham , et al., 1989). 
Experim ents where lysates (Wilde, 1967) or inactivated schizonts (Pipano, 
et al., 1977) have been used in im m unisation anim als have shown no
14
protective response. S im ilarly im m unisation a ttem p ts using piroplasm  
extracts have also been unsuccessful (Cowan, 1981; W agner, et al., 1974). 
Therefore, it  has been generally concluded from these observations th a t a 
pro tective im m une response is not d irected  ag a in st th e  two m ajor 
pathogenic stages.
In  contrast, in vitro studies have shown th a t the invasion of leukocytes by 
sporozoites can be prevented by immune serum  (Gray, et al., 1981). Sim ilar 
findings were reported by Musoke, et al. (1982) and Preston  and  Brown 
(1985), both of which showed th a t  the  neu tra lis in g  activ ity  could be 
increased by repeated  sporozoite challenge. As invasion occurs rapidly, 
sporozoites a re  only exposed to the host im m une system  for a relatively 
short am ount of time. Repeated sporozoite challenge is therefore probably 
required in order to elicit high enough antibody titres to prevent invasion. 
P reston  and  Brown (1985) dem onstra ted  th a t, as well as inh ib iting  
sporozoite invasion, anti-sporozoite antibodies were able to reduce the rate  
th a t trophozoite infected cells transform ed into proliferative macroschizont 
infected cells. Inh ib ition  of invasion has been d em onstra ted  using 
antibodies directed against the  expressed product of a gene encoding the 
sporozoite surface antigen (SPAG-1) (Williamson, et al., 1989). The ability 
of immune sera to block sporozoite invasion m eans th a t sporozoite antigens 
have potential for use in recombinant subunit vaccine development.
In  addition to sporozoites, merozoites are a second stage in the life cycle of 
the  pa rasite  w hich is exposed to the  host im m une system . Antibody 
responses to merozoites have been detected in cattle  recovering from T. 
annulata  in fec tion  (Irv in  and  M orrison, 1987; P ipano , 1974) and 
opsonisation by im m une se ra  of free m erozoites has been reported  by 
Ahmed, et al. (1988). However, there is no conclusive evidence th a t in vivo
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anti-m erozoite antibodies contribute to host im m unity (Hall, 1988; Irvin, 
1985). A m ajor merozoite surface antigen of 30 kDa has been characterised 
(Dickson and Shiels 1993; Glascodine, et al., 1990), but the  lack of a suitable 
in vitro assay has m eant th a t the ability of anti-m erozoite antibodies to 
prevent invasion of erythrocytes has rem ained largely untested. W ork on T. 
sergenti however, has shown th a t the  passive tran sfe r of a monoclonal 
antibody directed against a molecule related  to the 30 kDa an tigen  in T. 
annulata  resu lted  in protection of calves against challenge by sporozoites 
(Tanaka, et a l., 1990).
1.5.2. Cell Mediated Response
As a resu lt of the  general lack of evidence for involvement of the hum oral 
response in the  control of Theileria spp. infections, work has concentrated 
on the role of the  cell m ediated im m unity. Evidence suggests th a t  the 
macroschizont infected leukocyte is the m ain target of the immune response 
in T. annulata. Animals can be immunised with schizont infected cells from 
e ith e r an  infected anim al (Brown, 1990; H all, 1988) or by cell lines 
a tten u a ted  in  tissue  culture. Cytotoxic peripheral blood lymphocytes 
(PBLs) which lyse T. annulata  infected lym phoblasts in vitro have been 
found in calves recovering from challenge w ith sporozoites (Samed, et a l., 
1983; Singh, et a l ., 1977). Preston, et al. (1983) showed th a t recovery of 
calves from T. annulata  infection was associated w ith the  appearance of 
cytotoxic cells in  the  blood and lymph nodes and the  disappearance of 
schizont infected cells. W hen im m une ca ttle  w ere challenged, two 
sequential cytotoxic cell populations were produced. Lysis of schizont 
infected cells by the  first population was found to be restric ted  by bovine 
MHC (BoLA) and was postulated therefore, to be analogous to cytotoxic T 
cells. The second cytotoxic cell population contained both M HC-restricted T 
cells and non-MHC restricted na tu ra l killer (NK) like cells. This study also
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dem onstrated  th a t, during a prim ary infection cytotoxic cells could be 
detected only in the circulation and lymph nodes of calves destined to 
recover. The parasite specific cytotoxic cell responses of im m unised anim al 
are transien t and therefore other effectors of the imm une response m ay be 
involved. A th ird  type of cellular response was identified w hen adherent 
cells, presum ed to be macrophages, were isolated from the peripheral blood 
of imm unised calves and shown to exhibit strong cytostatic effects on both 
BoLA m atched and mis-matched schizont infected cell lines (Preston and 
Brown, 1988). The mechanism by which infected lymphocyte proliferation 
was inhibited appeared to be m ediated by soluble factors, as inhibition still 
took place w hen contact betw een m acrophages and  ta rg e t cells was 
prevented by a 0.45 pM filter.
1.6. Control Measures
There are th ree  m ajor approaches to the  control of tropical theileriosis; 
vector lim itation, chemotherapy of infected cattle and host vaccination. In 
recent years a num ber of authors have reviewed the approaches undertaken 
to the control of theileriosis; Brown (1990), Dolan (1989) and, T ait and Hall 
(1990).
1.6.1. Vector Control
To lim it tick infestation cattle can be dipped or sprayed w ith acaricides, 
such as am itraz or butocarb, once a week (U rquhart, et al., 1987). As 
Theileria  occurs in areas where other tick borne diseases are also present, 
th is m ethod has the advantage of potentially controlling more th a n  one 
disease. However, there are several major disadvantages associated w ith 
the use of acaricides. A part from their high cost and the potential damage 
done to the environment, highly organised programs of acaricide application
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are required to ensure th a t all cattle are treated. Long term  use can lead to 
resistance in  ticks, and  various domestic and wild anim als can act as 
reservoir hosts to m ain ta in  an  infected tick population. A significant 
reduction in the  tick population can also be brought about by improvements 
to anim al housing which remove sites harbouring ticks (Pipano, 1989).
1.6.2. Chemotherapy
The analogues of the naphthoquinones, menoctone (McHardy, et a l ., 1976), 
parvaquone (Gill, et al., 1981b) and buparvaquone (McHardy, et al., 1985) 
are most effective in the  treatm ent of theileriosis. These drugs in terfere in 
a specific m anner w ith  the electron tran spo rt chain of the  parasite . The 
drugs destroy m acroschizonts w ithin leukocytes and buparvaquone is also 
effective against piroplasmic stages (McHardy, et al., 1983; McHardy, et al., 
1985). Both parvaquone and buparvaquone have no significant side effects, 
bu t the  la tte r  would seem to be more effective in the  trea tm e n t of T. 
annula ta , w ith  an approxim ately 88% recovery ra te  (H ashem i-Fesharki, 
1991). Halofuginone has also been used bu t it is toxic to the  anim als a t 
levels close to the  therapeutic dose (Schein and Voigt, 1979). In  the  past, 
tetracycline w as used in large doses (Mallick, et al., 1987) and  the  8- 
aminoquinoline derivatives, pam aquin and prim aquine were also used, bu t 
were effective only against the  piroplasm  stages (Zhang, 1987). As w ith 
acaricides, the  m ajor lim itation on the use of therapeutic drugs is the high 
cost of diagnosis and treatm ent.
1.6.3. Vaccines
The most widely used control m easure against T. annulata  infection is the  
a tten u a ted  m acroschizont vaccine. A ttenuation  involves the  repeated  
passage of schizont infected lymphocytes in culture until pathogenicity is 
lost. I t  is no t c lear w he ther a tten u a tio n  is a  re su lt of increased
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immunogenicity or decreased pathogenicity, although the la tte r  seems more 
likely. The exact m echanism  by which a ttenuation  is brought about is 
unknown, but a num ber of changes accompany the loss of virulence. These 
include alterations in production of host cell proteases (Baylis, et a l ., 1992), 
and a reduction in the ability to differentiate into merozoites (Pipano, 1989). 
As the num ber of passages increases, virulence can be tested  by inoculation 
into susceptible cattle. The num ber of passages required to fully a ttenuate  
the  parasite  varies betw een 30 and several hundred , depending on the  
isolate (Pipano, 1989). Vaccinated cattle  show good protection against 
n a tu ra l infections and against heterologous challenge (Gill, et a l., 1980; 
Hashem i-Fesharki, 1988). In addition, unlike the related  T. parva , there is 
no histocompatibility barrier to im m unisation w ith T. annulata  infected cell 
lines, m aking it unnecessary to BoLA m atch donor cell lines with recipient 
anim als (Innes, et a l ., 1989). Once a ttenua tion  has been achieved the  
infected leukocytes are cryopreserved in aliquots a t "70°C, which can either 
be used to vaccinate cattle directly or to in itiate fu rther cultures. The usual 
vaccine dose is approxim ately 5 x 105 cells. The im m unity conferred by 
some a tten u a ted  cell lines often does not p reven t th e  form ation of 
piroplasms in the blood, leading to the development of a carrier sta te  by the 
host. These piroplasms are thought to arise either from new infections via 
feeding ticks or by differentiation of a lim ited num ber of vaccine line 
derived schizonts (Pipano, 1992). The vaccine lines can be cultured in  
ferm entors of 10-20 litres m aking it simple and relatively inexpensive to 
produce. The major draw backs to the use of this vaccine are the short shelf 
life, approxim ately 1 week a t 20°C or 1 m onth a t 4°C, and the  constraints 
imposed by the need for frozen transport of cryopreserved vaccine (Brown,
1990). A second approach to vaccination is the m ethod of infection and 
trea tm e n t (reviewed in Brown, 1990). A defined dose of sporozoites, 
harvested  from ticks and m ain tained  as a cryopreserved stab ila te , is
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inoculated into cattle and the infection blocked by the adm in istration  of 
theileric idal drugs such as tetracycline, buparvaquone or parvaquone 
(Bansal and Sharm a, 1989; Dhar, et al., 1987; Dhar, et al., 1988). Originally 
developed for protection against E as t Coast fever, w here the  use of 
a ttenuated  cell line vaccination is not practical, th is trea tm en t is expensive 
and therefore seldom used to control T. annulata  infections.
Identification of specific parasite  antigens which are potential targets for a 
protective immune response could lead to the development of recom binant 
vaccines. Isolating the genes encoding these antigens and expressing them  
in vitro using recom binant DNA techniques could lead to the  development 
of a subunit vaccine. A num ber of antigens on various life cycle stages have 
been identified as potential candidates for inclusion in a molecular vaccine, 
these  include the  surface antigens of the  sporozoite, the  m acroschizont 
infected cell and the merozoite.
Most research in th is area  has centred on the sporozoite surface an tigen  
SPAG-1. This molecule was in itially  isolated by the  screening of cDNA 
libraries w ith monoclonal antibodies which were able to inhibit sporozoite 
invasion in an in vitro assay (Williamson, et al., 1989). The entire SPAG-1 
gene was la te r isolated and sequenced (Hall, et al., 1992). SPAG-1 was 
recently shown to be sim ilar to the T. parva  sporozoite antigen p67 (Knight, 
et al., 1996; Nene, et al., 1992), as cross reacting epitopes were identified 
w ith in  the  C- and N- term ini of the  molecules. In  recent vaccine tria ls , 
im m unisa tion  w ith  recom binant p67 induced sporozoite n eu tra lis in g  
antibodies and provided protection to 6 out of 9 anim als against homologous 
sporozoite challenge (Musoke, et al., 1992). Similarly, a  C term inal region 
of SPAG-1 was shown to be the location of major neutralising determ inants 
(Boulter, et al., 1994). When expressed as a fusion protein, one particu lar
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recom binant an tigen  produced high titres  of neu tra lis ing  antibodies in  
im m unised cattle  and showed some evidence of protection to sporozoite 
challenge (Boulter, et al., 1995).
The genera tion  of an  effective protective im m une response a g a in st 
merozoite stages of the parasite would have the potential of elim inating the 
carrier sta te  of immune cattle and therefore, lim it transm ission to the  tick 
vector. However, in regions of endemic stability it is unclear th a t blocking 
transm ission  would be an  advantage if  tick transm ission  contributes to 
im m unity. A m ajor polypeptide which is strongly recognised by bovine 
imm une sera has been identified on the surface of merozoites (Glascodine, 
et a l., 1990). This molecule was shown to have two forms of v a ria n t 
m olecular m ass (30- and 32- kDa) and the genes Tam s 1-1 and Tam sl-2  
corresponding to these allelic varian ts were recently cloned (Dickson and 
Shiels, 1993). In  order to assess the potential use of T am sl as a component 
for inclusion in  a subunit vaccine, both these genes have been expressed in 
Escherichia coli and Salmonella typhim urium  (d'Oliveira, et al., 1996) and 
prelim inary tr ia ls  have indicated th a t these recom binant antigens m ay 
provide p ro tec tion  a g a in s t challenge (d 'O liveira , et a l., 1997 ). 
Im m unoblotting studies have dem onstrated th a t the T am sl antigen shows 
extensive antigenic diversity. Evidence was obtained th a t some of the  
diversity was conferred by secondary modification of the  polypeptide, and it 
is in te res ting  to note th a t there  is significant am ino acid d iversity  a t 
pu tative  N -linked glycosylation sites both w ith in  and  betw een species 
(Shiels, et al., 1995). However, there is no direct evidence th a t the molecule 
is glycosylated and the amino acid diversity may play a more direct role in 
the  generation of antigenic varian ts. As six possible T am sl alleles have 
been detected in a single geographical population of T. annulata , the
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varia tion  displayed by th is an tigen  m ust be an im portan t consideration 
w hen considering its inclusion in a possible subunit vaccine.
1.7. Parasite Control of Host Cell Gene Expression
One of the most fascinating aspects of the biology of Theileria is the unique 
ab ility  of the  m acroschizont stage of T. a n n u la ta  an d  T. p arva  to 
im m ortalise the bovine leukocyte in which it resides. In  vivo , th is causes a 
rap id  expansion in the num ber of infected cells prior to differentiation into 
th e  merozoite stage; while in vitro , im m ortalisation  h as perm itted  the  
estab lish m en t of m acroschizont infected cell lines w hich p ro life ra te  
indefinitely. Infected cell lines can be isolated from infected lymphoid 
tissue (M alm quist and Brown, 1970), from peripheral blood m ononuclear 
cells of infected anim als or by the  in vitro infection of leukocytes w ith 
sporozoites isolated from infected ticks (Brown, et al., 1981; Brown, et al., 
1973; W alker and McKellar, 1983). The mechanism by which Theileria sp. 
in itiates and controls host cell blastogenesis is as yet poorly understood but, 
as one of the most in teresting  aspects of parasite  biology, th is area  is the 
focus of m uch research . Infected leukocytes d isp lay  m any  of the  
characteristics common to other transform ed cells, such as a ltered  cell 
surface phenotype (Baldwin, et a l., 1988; Shiels, et a l., 1989; Shiels, et a l. , 
1986b), short generation tim e (16 to 25 hours) and tum our formation (Fell, 
et al., 1990; Irvin, et al., 1975). However, unlike o ther transform ed cell 
lines, the  im m ortalisation process is reversed following rem oval of the  
p a ra s ite  (Brown, et al., 1989). A num ber of changes associated w ith  
im m ortalisation by the parasite have been found, and it has been suggested 
th a t some of these m ay be involved in the transform ation process. For T. 
p a rv a , documented altera tions include increases in the  levels of casein 
kinase II (CKII), the  transcrip tion factor NF-kB, in terleukin  2 (IL-2) and
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the  IL-2 receptor (IL-2R), while in T. annulata  changes in  protein  kinase 
pa tterns (Dyer, et al., 1992), altered expression of m atrix  m etalloproteinase 
and the transcrip tion factor AP-1 (Baylis, et al., 1992; Baylis, et al., 1995), 
increases in  IL-2R expression (H errm ann, et al., 1989) and  an tigenic 
differences on the surface of the infected host cell (Shiels, et a l., 1986b) have 
been reported.
1.7.1. IL-2 and IL-2R
The role of IL-2 and IL-2R was reviewed recently  by W illiam s and 
Dobbelaere, (1993). Proliferation of lymphocytes in vitro  is norm ally  
dependan t on the  presence of lym phokines. However, w hen  bovine 
lym phocytes are  infected w ith  T. parva  o r T. annu la ta  th ey  become 
independen t of exogenous grow th factors (Brown and  Logan, 1986). 
Dobbelaere, et al. (1988) w ere able to show th a t  T. parva  infected 
lymphocytes continuously secrete a growth factor th a t is essential for the ir 
proliferation in vitro. Dilution of th is secreted factor in cultures resu lts in 
grow th re ta rd a tio n  which can be resto red  by the  addition  of hum an  
recom binant in terleukin  2 (IL-2). E lim ination of the  p a rasite  from the  
cytoplasm  of infected cells using theileriocidal drugs resu lted  in  the  
term ination  of grow th factor secretion, followed by grow th a rre s t  and  
reversion of the  infected cells to the morphology of resting  lymphocytes. 
Using PCR it was dem onstrated th a t a wide range of T. parva  infected cell 
lines expressed IL-2 mRNA, a lbeit a t low level w hen com pared to 
concanavalin A stim ulated PBLs (Heussler, et al., 1992). In  related  studies, 
biologically functional high affinity IL-2 receptor (IL-2R) was found to be 
constitutively expressed on the  surface of T and B cells infected w ith T. 
p a rv a , and was associated w ith  the continued presence of the  parasite  
(Coquerelle, et al., 1989; Dobbelaere, et al., 1988; Dobbelaere, et al., 1990). 
These experim ents lead to the  suggestion th a t proliferation of T. parva
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infected lymphocytes m ight occur th rough  an IL-2/IL-2R autocrine loop. 
Inhibition experiments using anti-IL-2 antibodies however, suggested th a t  
IL-2/IL-2R m ediated autocrine growth m ight not occur in  all cases. Several 
T. parva  infected cell lines were found to be significantly inhibited by the 
addition of anti-IL-2 antibodies to cultures, but a t least one B cell line was 
not inhibited  a t all and a CD4+ CD8+ T cell line w as only m arg inally  
inhibited (Dobbelaere, et a l ., 1991). This suggests th a t other growth factors 
and receptors m ay be involved in  proliferation, although an a lterna tive  
explanation  is th a t  IL-2 molecules could associate w ith  IL-2R before 
reaching the  cell surface (Dobbelaere, et a l., 1991), as has been shown for 
the growth factor IL-3 (Browder, et a l ., 1989).
The high affinity IL-2R receptor is composed of a 55 kD a a  chain (Tac 
antigen) and a 75 kDa P chain (Minami, et a l ., 1992). Both subunits are 
able to bind IL-2 with different affinities; the a  subunit has low affinity; the 
p subunit has interm ediate affinity; and the  aP heterodim er has very high 
affinity. Resting T cells express only the P subunit and do not proliferate in 
response to IL-2. Activation of T cells induces expression of th e  Tac 
antigen, which then  associates w ith existing P subunits to form the  high 
affinity IL-2R. IL-2 secreted by activated T cells then  binds to the  IL-2R, 
se tting  up an  autocrine signal transduction  pathw ay resu ltin g  in  cell 
p ro lifera tion . B inding of IL-2 by IL-2R norm ally  re su lts  in  th e  
internalisation of the IL-2/IL-2R complex, leading to the down regulation of 
IL-2R, unless expression of the Tac antigen is renewed by continued antigen 
stim ulation (Roitt, et al., 1993). In T. parva  infected cells the  IL-2/Tac gene 
is constitutively transcribed, resu lting  in the continued replacem ent of 
receptors and the absence of a requirem ent for exogenous stim ulation for 
continued proliferation (Coquerelle, et al., 1989). Recently, antisense RNA 
expression was used to assess the role of the IL-2R a  chain on proliferation.
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T. parva  infected T cells were perm anently  transfected  w ith  one of two 
vector constructs carrying either the sense or an tisense sequence for the 
bovine IL-2R a  chain, under the control of an inducible promoter. A strong 
reduction  in  IL-2R a  chain mRNA w as observed only in an tisen se  
transfected cells and was accompanied partia l inhibition of infected T cell 
pro liferation . Some IL-2R a  chain  w as still detected  in an tisen se  
transfected  cells and m ight account for the  lack of complete inhibition 
reported (Eichhorn and Dobbelaere, 1995). These resu lts  are consistent 
w ith the observations made from the experiments w ith anti-IL-2 antibodies 
and support the postulation th a t proliferation is only m ediated in p a rt by 
the IL-2/IL-2R autocrine loop. O ther cytokines may be involved in Theileria 
induced proliferation and it has recently been shown th a t IL-1, IL-6 and IL- 
10 sire also produced by T. annulata  infected cells (Brown, et a l., 1995).
Ivanov , et al. (1989) showed th a t  lymphocytes infected w ith  T. parva  
contained constitutively high levels of the  transcrip tion  factor NF-kB in 
both the nuclear (activated form) and cytoplasmic (inactive form) fractions. 
They dem onstrated th a t the slow killing of the parasite, which left host cells 
intact, resulted in the rapid loss of activated NF-kB from nuclear fractions 
and a slower loss from cytoplasm ic fractions, w here the  factor was 
inactivated by binding to its inhibitor I-kB. They concluded tha t, increased 
synthesis of the inactive forms and the m aintenance of high levels of the 
activated form were induced by the presence of the parasite. NF-kB was 
originally identified as the protein controlling the expression of the  k light 
chain imm unoglobulin (Ig) gene. DNA sequences sim ilar to the  motifs 
recognised by NF-kB have been identified in m any genes including IL-2 and 
IL-2R. Thus, as suggested by Heussler, et al. (1992), the high levels of NF-
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kB could be responsible for the constitutive expression of IL-2 and IL-2R in 
parasitised lymphocytes.
The role of IL-2 and IL-2R in T. annulata  infected cells is less clear. T  
annulata  infected cells were shown not to require or produce IL-2 (Ahmed, 
et a l., 1987). In  la te r  work, IL-2R a  chain  expression  and  IL-2 
responsiveness was dem onstrated for some, bu t not all T. annulata  infected 
cell lines (Ahmed, et al., 1992; Dobbelaere, et al., 1990). B inding of 
radiolabelled IL-2 was abolished after elim ination of the  parasite  by the  
application of buparvaquone, bu t unlike T. parva  infected cells, IL-2R a  
chain mRNA was not reduced, and in  some cases increased  following 
elim ination of the parasite. T. annulata  infected cells have been shown to 
predom inantly express the in term ediate  affinity IL-2R (H errm ann, et a l.,
1989) and indirect evidence suggested th a t buparvaquone in terfered w ith 
the expression of the IL-2Rp chain on the  surface of T. annula ta  infected 
cells (Ahmed, et al., 1992). D ifferences in IL-2 response and  IL-2R 
expression m ay be explained by the  fact th a t T. annu la ta  and T. parva  
infect cells of different lineages, and consequently the precise m echanism s 
employed by each species to induce proliferation of the  host cell m ay vary. 
A lternatively, the a ltera tions to cytokine pathw ays m ay be a secondary 
event of the  im m ortalisation process and reflect the expression p a tte rn  of 
the uninfected host cell type.
1.7.2. Altered patterns of phosphorylation
There is a well established association between cellular transform ation and 
altered protein kinase activity, particu larly  on tyrosine residues (H unter 
and Cooper, 1985; H unter and Sefton, 1980). Many transform ing oncogenes 
have also been found which encode protein kinases (De Feo, et al., 1981). In 
agreem ent w ith other transform ed cell lines, increases in  protein kinase
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activity have been reported in both T. annulata  (Dyer, et a l., 1992) and T. 
parva  (ole-MoiYoi, et a l ., 1993) infected cells. W ork in  th is  field has 
concentrated on the role of casein kinase II (CKII) in T. parva  transform ed 
cells, which was recently reviewed by ole-MoiYoi, et al. (1993) and  ole- 
MoiYoi, et al. (1992).
CKII is a ubiquitous serine-threonine specific protein kinase composed of 
two catalytic subunits (a  or a ')  and two regu latory  (3 subun its . The 
nucleotide and amino acid sequences are highly conserved th roughou t 
evolution and it has been suggested th a t  the  CKII enzyme m ay play a 
critical role in cell function (Seldin and Leder, 1995), CKII m ay be 
regulated during the cell cycle (Carroll and M arshak, 1989), and  has been 
postulated to be involved in the regulation of m ultiple cellular m etabolism  
and gene expression pathw ays (Pinna, 1990). Rapidly pro liferating  cells, 
some hum an leukem ias (Friedrich and Ingram , 1989) and solid tum ours 
(M unsterm ann, et a l., 1990) show elevated levels of CKII. Increases in the 
transcrip tional, transla tiona l and functional levels of bovine CKII have 
been observed in T. parva  infected cells, im plicating th is  enzym e as an  
im portan t elem ent in signal tran sduction  pathw ays ac tiva ted  during  
im m ortalisation (ole-MoiYoi, et al., 1993). The T. parva  genome has been 
found to encode the a  sub unit, but no evidence th a t the  parasite  encodes 
the p subunit has been found to date (ole-MoiYoi, et al., 1992). This is also 
the case for Drosophila (Saxena, et al., 1987) and Zea mays (Dobrowolska, et 
al., 1992) and has lead to the hypothesis th a t the  parasite  CKII a  subunit 
could insert into the parasite  plasm a m em brane or be secreted into the  host 
cell cytoplasm a t some phase of the cell cycle (ole-MoiYoi, 1995). From 
these locations the  parasite  enzyme could th en  phosphorylate  bovine 
substrates w ithout being subjected to normal regulatory controls.
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Evidence for the  role of CKII in signal transduction  pathw ays leading to 
transform ation has been provided in recent experim ents using transgenic 
mice (Seldin and Leder, 1995). W hen the  catalytic sub un it of CKII was 
expressed in the lymphocytes of transgenic mice, no detectable increase in 
the  to tal am ount of CK IIa protein or in the phosphotransferase activity of 
the  enzyme was observed. However, the transgenic mice exhibited a  high 
predisposition to the development of lymphomas, implying th a t neoplastic 
tran sfo rm ation  induced by the  dysregulated  expression of a  critical 
regulatory element in signal transduction or cell cascade pathw ays was not 
necessarily associated with elevated concentrations of th a t elem ent. W hen 
the  C K IIa transgene  was subsequently  co-expressed w ith  its  in vivo 
substra te , c-myc (Luscher, et al., 1991), the  anim als rap id ly  developed 
m urine perinatal leukemia. In addition, co-expression of the two oncogenes 
disrupted the regulation of lymphocyte gene expression, as analysis of cells 
from one bi-transgenic tum our showed the  presence of surface molecules 
representing two normally exclusive lymphoid differentiation pathw ays.
The w ork described above dem onstra tes th a t  CKII has a role in  the  
pathogenesis of lymphoproliferative disorders. I t is intriguing to find th a t 
CKII is also over expressed in Theileria infected cells which cause a  disease 
of sim ilar pathology. However, as rapidly dividing cells commonly show 
elevated levels of CKII activity, it rem ains to be seen w hether th is enzyme 
plays a direct role in the process of parasite  induced transform ation.
1.7.3. Metalloproteinases
Infection of bovine leukocytes w ith T. annulata  has been shown to resu lt in 
the expression of nine novel proteinases (Baylis, et al., 1992). Inhibition 
studies using divalent m etal ion chelators characterised these proteinases 
as belonging to the m etalloproteinase class, and one of these proteinases
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w as subsequen tly  iden tified  as th e  bovine hom ologue of h u m an  
m etalloproteinase 9 (MMP9) (Baylis, et al., 1995). More recently, a num ber 
of h ighly specific tissue  inhib itors of m etalloproteinases w ere used in 
substra te  gel assays to remove the activities of these enzymes, providing 
conclusive evidence of th e ir identity  (Adamson and H all, 1996). M atrix 
m etallop ro te inases are  a fam ily of homologous enzym es capable of 
degrading components of the extracellular m atrix. In  vivo they are involved 
in tissue remodelling during wound healing and in embryogenesis (Agren, et 
al., 1992; Reponen, et al., 1992). They have also been im plicated  in a 
num ber of pathogenic processes, such as the passage of tum our cells across 
basem ent m em branes during m etastasis (Alvarez, et al., 1990), and  in the 
tissue damage found during rheum atoid a rth ritis  (Okada, et al., 1987). In 
the bovine macroschizont infected cells can form discrete tum our-like foci 
throughout the body (Irvin and Morrison, 1987), and d issem inating  solid 
tum ours have been observed in SCID mice injected w ith Theileria  infected 
bovine cells (Fell, et al., 1990). MMP9 in particu lar has been im plicated in 
the m etastasis of m alignant tum ours, which has lead to the  conjecture th a t 
the  m etalloproteinases up-regulated by the  parasite  have a role in  the 
m etastatic behaviour of infected cells. Using a Matrigel™ in vitro invasion 
assay, m acroschizont infected cells have been shown to be capable of 
crossing reconstituted basem ent membranes. Furtherm ore, th is m etastatic  
b e h a v io u r  is a lm o st e lim in a te d  w hen  specific  in h ib i to r s  of 
m etalloproteinases are included (Adamson and Hall, 1996). There is also a 
m arked reduction in the expression of proteases in the a tten u a ted  vaccine 
line ODE, w ith a corresponding four fold reduction in m etasta tic  potential 
(Adamson and Hall, 1996; Baylis, et al., 1992). This evidence has lead to 
the  suggestion th a t m etalloproteinases are virulence factors m ediating  
some of the pathological features of tropical theileriosis (Adamson and Hall, 
1996).
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In  rela ted  work, elevated expression of the transcrip tion  factor AP-1 has 
been found to be associated w ith the presence of the  parasite  in infected 
cells (Baylis, et al. , 1995). The hum an MMP9 gene is known to contain AP- 
1 binding sites in the  region up-stream  of the  tran scrip tion  s ta r t  site  
(H uhtala, et a l ., 1991), and it m ay be th a t th is is a  key factor in the  up- 
regulation  of MMP9 following infection. Increases in the  levels of AP-1 
activity  are also involved in the  im m ediate early response to mitogenic 
stim uli, w ith evidence for a role in both G(/S and Gj/S cell cycle progression 
(Muller, et al., 1993). Baylis, et al. (1995) suggested th a t infection of resting 
cells by the parasite  could resu lt in the progression from Go to S phase and 
th a t parasite  dependant proliferation could be caused by the continued 
stim ulus of G i to S phase progression.
AP-1 is composed of heterodim ers of the Fos and Ju n  family of proteins or of 
Ju n  homodimers, which bind only weakly to DNA (C urran  and F ranza,
1988). The composition of the AP-1 observed in T. annulata  infected cells is 
unknown, although c-fos mRNA levels are increased (Baylis, et al., 1992). 
The m echanism  by which the parasite  brings about up regulation of AP-1 
rem ains to be elucidated, but a num ber of hypothesis have been proposed. 
These include the  possibility th a t th e  AP-1 complex contains pa rasite  
derived factors, or th a t the parasite  increases AP-1 levels by the secretion, 
or surface expression, of k inase  or phosphorylase like factors which 
stim ulate signal transduction pathways. A more general m echanism  could 
be m ediated by induced changes to host cellular components such as cAMP, 
Ca+ or redox potential, which in tu rn  a lter AP-1 levels (Baylis, et al., 1992).
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1.7.4. Antigenic differences
Im m ortalisation by Theileria is known to bring about phenotypic alterations 
to the  surface of the host cell (Shiels, et a l. , 1986b). One such alteration  is 
the  expression of a polypeptide w ith  a variable m olecular m ass ranging  
from 99 kDa to 125 kDa, depending on cell type (Shiels, et a l., 1989). This 
molecule is assum ed to be of host origin, as it is not recognised by im m une 
bovine serum  (Shiels, et a l., 1989), bu t is recognised by a monoclonal 
antibody, 4H5. This polypeptide is the  focus of work presented  in  th is 
thesis and is discussed in greater detail in C hapter 2.
The altera tions which have been described above are probably secondary 
events and not directly involved in the im m ortalisation process. However, 
theoretical connections can be m ade between some of these events which 
could give clues to the  possible m echanism s involved in  im m ortalisation. 
Both of the  transcrip tion  factors discussed in  re la tion  to the  control of 
MMP9 (AP-1) and IL-2/IL-2R (NF-kB) gene expression have roles in  the  
regulation of cytokines known to be produced by Theileria  infected cells 
(Baeurele, 1991; Chen and Rothenberg, 1993). In addition, components of 
AP-1, c-Fos and c-Jun are able to functionally synergise w ith the 65 kDa 
subun it of NK-kB, leading to a potentiation  of biological function and 
enhanced transcrip tional activity a t both kB or AP-1 enhancer-dependant 
prom oters (Stein, et a l ., 1993, and references therein). Levels of AP-1 
activity could also possibly be affected by CKII. I t has been shown th a t 
CKII phosphorylation results in the inhibition of c-Jun activity (Lin, et a l .,
1992), and  th a t CKII can also induce c-fos expression v ia the  serum  
response element pathway (Gauthier-Rouviere, et al., 1991).
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1.8. Stage Differentiation in T. annulata
In  general, the  life cycles of protozoan parasites consist of a progressive 
series of differentiation steps from one life cycle stage to the  next. These 
differentiation steps are essential for the establishm ent and transm ission of 
parasite  populations. Term inal differentiation does not take  place, instead 
parasites cycle through a set num ber of distinct differentiation events, one 
of which involves the formation of sexual stages. The understanding  of the 
m olecular mechanisms which control differentiation in  protozoan parasites 
is an  im p o rtan t aim  of resea rch  in to  these  organ ism s. Such an  
understanding  could provide new ways of controlling life cycle events and 
lead  to b e tte r  control and trea tm en t of the  diseases caused by these 
parasites. In addition, the elucidation of the molecular m echanism s which 
control differentiation in parasitic protozoa m ight provide valuable insights 
into sim ilar mechanisms operating in higher eukaryotic systems.
Although m any factors are known to induce differentiation in  the parasitic 
protozoa, very little  is known about the underlying m echanism s involved. 
In  some instances it has been suggested th a t an  exogenous factor(s) could 
be th e  source of a signal to d ifferen tia te . In  Trypanosoma brucei 
differentiation from long slender to short stum py bloodstream  forms in the 
m am m alian  host is thought to ensure vector transm issib ility . Factors 
which trigger th is differentiation event are unknown, bu t as differentiation 
to the  short stum py form occurs following the  a tta in m en t of a certain  
p a rasite  population density, it  has been suggested th a t  trypanosom es 
produce a specific factor which regulates differentiation. A model of short 
stum py differentiation has been proposed based on the constant production 
of such a factor. In  vivo , as the  parasite  population increased, factor 
concentration would also increase un til a threshold  value, sufficient to
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trigger differentiation was eventually reached (Giffin and McCann, 1989; 
Hesse, et a l., 1995; Pays, et al., 1993; Seed and Sechelski, 1989). However, 
despite extensive research in  th is field no such differentiation factor has 
been identified in any parasitic protozoan system to date.
P a ras ite s  have complex life cycles w here the  tran sitio n  betw een hosts 
and/or different life cycle stages is fundam ental. A ltera tions in  the  
parasitic environment as a result of these transitions has been suggested as 
the source of stress factors which could induce differentiation. For example, 
in L eishm an ia  spp. transfo rm ation  of prom astigotes (insect form) to 
am astigotes (m am m alian form) takes place during phagocytosis by host 
macrophages (Chang and Dwyer, 1976). Since approxim ately two pH units 
d ifference ex is ts  be tw een  th e  p rom astigo te  and  th e  a m astig o te  
environm ent, physiological changes in pH have been suggested to induce 
differentiation. In support of th is Zilbertstein, et al. (1991) were able to 
show th a t expression of an  L. major am astigote specific antigen could be 
induced in promastigotes following exposure to acidic pH in vitro .
The most strik ing  example of environm ental change would seem to take 
place in parasites which transfer between a poikilothermic insect vector and 
a hom eotherm ic m am m alian host. The obvious tem pera tu re  difference 
between vector and host has lead to suggestions th a t a heat shock response 
could be responsible for the initiation of differentiation. Stress factors, such 
as increased tem perature, rapidly activate heat shock genes resulting  in the 
extensive synthesis of heat shock proteins (Hsp) and a rapid  decrease in 
transcrip tion  of most other genes (Ashburner and Bonner, 1979). In  T. 
brucei mRNA transcrip ts of Hsp 70 and Hsp 83 were found to be 25 to 100 
times more abundant in bloodstream forms compared to the  procyclic insect 
stage (Van der Ploeg, et al., 1985). However, unlike other eukaryotes the
33
expression of h ea t shock genes did not in terfere w ith  cell proliferation, 
indicating th a t the heat shock response m ay have a different role in  these 
parasitic  protozoa. A lterations in growth conditions have also been shown 
to mimic the heat shock response as bloodstream forms of T. brucei cultured 
a t 37°C w ith fibroblast feeder layers reta ined  heat shock gene expression 
and did not de-differentiate when shifted to 22°C (Van der Ploeg, et al., 
1985). In  Leishm ania  tem perature  elevation appears to be a significant 
factor in the  induction of differentiation in vitro (Eperon and McMahon- 
P ra tt, 1989; H unter, et a l ., 1982; Shapira, et al., 1988). However, h ea t 
shock proteins do not seem to play a role in the regulation of th is response 
as no correlation is found betw een th e ir expression and differentiation  
(Shapira, et a l., 1988; Zilbertstein, et al., 1991). Thus, although elevated 
tem perature is commonly found to induce parasite differentiation in vitro , it 
is unclear w hether heat shock proteins have a prim ary role the  control of 
th is process.
One of the  m ost obvious clinical sym ptom s associated  w ith  trop ical 
theileriosis is a fever of 41°C, which develops early in infection and rem ains 
un til recovery or death  (B arnett, 1977). This observation lead to the  
supposition th a t  the  high tem pera tu res produced during  the  course of 
infection  could provide th e  s tim u lu s for d iffe ren tia tio n  from  th e  
macroschizont to the merozoite stage. This hypothesis w as supported by 
Hulliger, et al. (1966) who showed th a t in vitro, d ifferentiation could be 
induced by an elevation in culture tem perature from 37°C to 41°C during a 
six day period. The exact na tu re  of the part played by elevated tem perature  
was unknown, bu t it was noted th a t a t elevated tem pera tu res host cell 
division was slower or completely arrested , while pa rasite  division was 
unaffected, resulting in the production of large parasites containing m any 
nuclei.
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The onset of fever in  infected anim als is known to be dose dependant, 
therefore if  the  form ation of merozoites and subsequent appearance of 
piroplasm s was dependant on tem pera tu re , th is  would also be dose 
dependant. In a series of experiments it was shown th a t the appearance of 
piroplasms occurred as a function of tim e and was not directly linked to the 
infective dose or tem perature (Ja rre tt, et al., 1969). Animals were exposed 
to different num bers of infected ticks and the kinetics of parasite  replication 
followed by daily estim ation of macroschizont, merozoite and piroplasm  
num bers. The results dem onstrated th a t the onset of fever correlated with 
the tim e a t which approximately 7 x 109 schizonts were produced and th a t 
the  in itia l dose determ ined the  tim ing of fever. As the  percentage of 
schizonts present with a given num ber of nuclei on any particu lar day was 
the same, irrespective of the dose, logarithmic growth of the parasites was 
found to correlate  w ith  schizonts con tain ing  1-6 nuclei, w hile  the  
appearance of piroplasms was found to correlate w ith schizonts containing 
12 to 24 nuclei. Sim ilar findings concerning the increase in the num ber of 
schizont nuclei were also found in vitro (Moulton, et a l., 1971). Thus, the 
appearance of piroplasm s in  infected an im als w as found to be tim e- 
dependant and lead to the theory th a t differentiation of the  schizont was 
brought about following a fixed num ber of cell divisions.
This so called mitotic clock hypothesis was also suggested to be involved in 
higher eukaryotic differentiation (Raff, et a l ., 1988; Temple and Raff, 1986). 
Normally oligodendrocyte progenitor cells in the developing ra t  optic nerve 
differentiate to post-mitotic oligodendrocytes over several weeks (Skoff, et 
a l ., 1976). However, when cultured in vitro the  cells stop dividing and 
undergo prem ature differentiation w ithin two to th ree  days (Skoff, et a l., 
1976). The normal tim ing of oligodendrocyte progenitor cell differentiation
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could be restored in vitro by the addition of p latelet derived growth factor 
(PDGF) (Raff, et al., 1988). All the descendants of a  single progenitor cell 
were found to differentiate after the sam e num ber of cell divisions w hen 
cultured in the presence of PDGF. From these results it was suggested th a t 
d ifferentiation occurred by m eans of a clock which allowed a  m axim um  
num ber of cell divisions to take place before the onset of differentiation, and 
th a t the inclusion of PDGF in vitro had the  effect of re-setting the norm al 
tim ing of differentiation. L ater studies disproved th is theory w hen it was 
found th a t differentiation could be influenced by cytokines which directly 
m odulated the  proliferative capabilities of the  cell. Thus, p rem atu re  
differentiation in vitro occurred as a resu lt of the  loss of pro liferative 
capacity which could be restored by the addition of PDGF (Raff, et a l., 1988) 
or basic fibroblast growth factor (bFGF) alone (Bogler, et a l ., 1990). W hile 
co-operation between PDGF and (bFGF) promoted continued proliferation 
and removed the ability of the progenitor cells to differentiate (Bogler, et a l. ,
1990). As cells cultured in the presence of both PDGF and bFG F clearly 
u n d e rw en t m ore m ito tic  d iv isions th a n  cells grow n in  m ed ium  
supplem ented either PGDF or bFGF alone, a stric t correlation betw een the  
num ber of divisions and differentiation was not found.
Established Theileria  infected cell lines cultured a t 37°C in vitro undergo 
unlim ited proliferation w ithout differentiation. This would suggest th a t 
like higher eukaryotic cells, the mitotic clock hypothesis is too sim plistic to 
explain merozoite differentiation. The observation th a t merozoite form ation 
in infected cell lines cultured a t elevated tem peratures was associated w ith 
decrease or a rrest of host cell division, but left parasite  division unaffected, 
lead to the  suggestion th a t the  inhibition of host cell division could be 
involved in the differentiation process. Fritsch, et al. (1988) addressed th is 
hypothesis by exam ining the effect of various drugs on the  form ation of
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merozoites in vitro. Colchicine, which inhibits spindle formation during cell 
division, was found to completely inhibit the mitosis of the  host cell w ith  a 
concom itant increase in  the  num ber of schizont nuclei. However, no 
increase in merozoite production was seen. From these experim ents it  is 
possible to conclude th a t an increase in the num ber of parasite  nuclei per se 
was not sufficient to induce differentiation. However, these experim ents 
were only conducted a t 37°C and it was unclear w hether the  drugs were 
inhibiting a differentiation event induced by elevated size. A lternatively, it 
is possible th a t additional factors are  required  in  conjunction w ith  an 
increase in the num ber of parasite  nuclei to induce differentiation.
F u rther studies on stage differentiation in Theileria were aided greatly  by 
the isolation of cloned cell lines with either enhanced or diminished abilities 
to differentiate in vitro a t 41°C (Shiels, et a l ., 1992). It has a lready been 
established  th a t the  early  stages of d ifferentiation  tow ards m erozoite 
formation are characterised by an enlargem ent of the macroschizont and an 
increase in the num ber of nuclei. In cloned cell lines it was found th a t  the  
num ber of nuclei and the size of the macroschizont was greatly  increased 
during the first 6 days of culture a t 41°C in the differentiation enhanced cell 
line, w hereas no comparable size increase was seen in the  differentiation 
dim inished cell line (Shiels, et a l., 1992). Thus, it was concluded th a t the  
increase in parasite  nuclear division and growth, coupled to a decrease in 
parasite  cell division as a resu lt of declining host cell division, leads to the  
substantial enlargem ent of the schizont to a predeterm ined size or condition 
th a t triggers differentiation.
Having established th a t the  proliferative po ten tial of the  cell w as an 
im portant factor in the ability of Theileria  infected cells to differentiate, 
Shiels, et al. (1992) went on to dem onstrate th a t differentiation was not an
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im m edia te  response to tem p era tu re  elevation. A series of pu lse  
experim ents w ere carried  out, w here cu ltu res of th e  d ifferen tia tion  
enhanced cell line were exposed to 41°C for differing periods of tim e before 
being re tu rned  to 37°C. In  order for significant differentiation tow ards 
merozoites to take place, a  period of a t least 24 hours a t 41°C was required, 
and the longer cultures were m aintained a t the elevated tem pera tu re  the  
g rea ter was the extent of differentiation. However, if  cu ltures were not 
taken  to a  particular point before re tu rn  to 37°C they were able to reverse 
the differentiation process. Thus, the longer they were a t 41°C the more 
likely they were to reach a threshold point where re tu rn  was not possible. 
From these results it was concluded th a t differentiation towards merozoites 
was a two step process comprising of an initial reversible phase followed by 
full commitment to irreversible differentiation. In more recent work Shiels, 
et al. (1994) were able to define the tem poral order of some of the  molecular 
changes associated with differentiation by using monoclonal antibodies and 
gene probes to macroschizont and merozoite specific polypeptides. Levels of 
T am sl and of the 117 kDa rhoptry  antigen T ar 1 were shown to increase 
dram atically  between days 4 and 6 a t 41°C. Conversely, the  levels of a 
major macroschizont antigen were shown to decrease over the  sam e tim e 
period. Using pulse experim ents sim ilar to those described previously 
(Shiels, et al., 1992) they were also able to show th a t low level expression of 
the T am sl antigen was reversible in the early stages of differentiation. In 
addition, sm all num bers of cells were p resen t in  these cu ltu res w hich 
continued to react w ith increasing in tensity  to the  anti-Tam s 1 antibody 
following re tu rn  to 37°C. These cells were thought to represen ted  a sub 
population of cells which had passed through the  commitment point during 
the pulse procedure and so were unable to revert to an  undifferen tiated  
sta te  a t 37°C.
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Re-cloning of the differentiation enhanced cell line resulted in the  isolation 
of cell lines w ith  reduced abilities to differentiate. As both cell lines were 
shown to have identical genotypes, th is was not a resu lt of the presence of a 
m ixed clonal types in the  original cell line. In  th e  d ifferen tia tion  
dim inished cell line occasional parasites w ere observed which reacted  
in ten se ly  w ith  both  the  an ti-T am s 1 and  th e  a n ti-T a r l  an tibodies, 
dem onstrating  th a t the loss in ability to d ifferentiate  was not absolute. 
These re su lts  ind icate  th a t  th e  observed differences in  ab ilities  to 
d ifferentiate betw een the two cell lines w ere probably not due to m ajor 
genetic change and could be result of epigenetic differences.
The level of up-regulation  of T am sl du rin g  th e  reversib le  phase of 
differentiation was found to be higher in the  differentiation enhanced cell 
line. This lead to the hypothesis th a t the underlying basis determ ining 
commitment to differentiation was a quantitative one and th is was used as 
the basis of a stoichiometric model of stage differentiation. In  th is model 
d ifferentiation occurs when the level or activity  of factors which control 
gene expression build up to a concentration th resho ld  w hich triggers 
differentiation. Preceding this is a reversible phase whereby the  build up of 
factors is below the  th resho ld  levels requ ired  to commit th e  cell to 
differentiation. Removal of the inducer during th is tim e would resu lt in the 
failu re  of th e  cell to reach th e  com m itm ent th resho ld , therefore , re ­
estab lish ing  th e  und ifferen tia ted  s ta te . In h e re n t asynchrony is an  
inevitable consequence of such a stochastic model of differentiation, as cells 
become comm itted to differentiate in a random  fashion linked to how near 
or far they are  from the commitment threshold.
Parallels can be seen between the model of stage differentiation in  Theileria 
proposed by Shiels, et al. (1994) and differentiation events which occur in
39
both other protozoan parasites and in higher eukaryotic systems. Sim ilar 
relationships betw een differentiation and reduced proliferation have been 
reported. For example, in T. gondii factors which affect the  proliferative 
capacity of the tachyzoite are known to induce the formation of bradyzoites 
(Bohne, et al., 1994; Soete, et al., 1994). Similarly, in higher eukaryotic cells 
in addition to the oligodendrocyte model discussed, m any other examples 
have been documented. The induction of differentiation in erythroleukem ia 
cells by DMSO has been shown to be directly associated w ith a reduction in 
proliferative capacity (Gusella, et al., 1976) and in myogenesis w ithdraw al 
from the cell cycle is tightly coupled to differentiation (Rastinejad and Blau,
1993).
D ifferentiation in  o ther protozoan parasites is known to involve a step  
where the parasite  becomes irreversibly comm itted to differentiate. For 
example, in T. brucei d ifferentiation from the bloodstream  form to the  
procyclic form can be induced in vitro by a combination of cold shock to 27°C 
and the addition of citrate/cis-aconitate to the incubation medium (Czichos, 
et al., 1986), and is accompanied by m ajor changes in  the  polypeptide 
composition of the Trypanosome protein coat. These changes occur w ithin a 
4-12 hour period and are reversible w ith in  th is period if the  inducer is 
removed, indicating th a t changes to the surface coat precede comm itm ent to 
full differentiation (Ehlers, et al., 1987; Pays, et al., 1993). In P. falciparum  
Bruce, et al. (1990) showed th a t individual schizonts w ithin  erythrocytes 
produced either only asexual parasites or gametocytes and postulated  th a t 
com m itm ent to a particu lar developm ental pathw ay took place prior to 
invasion. In higher eukaryotes, DMSO induced differentiation of e ither the  
hum an leukemic cell line HL-60 towards granulocytes (Tarella, et al., 1982) 
or of erythroleukem ia cells (Gusella, et al., 1976) has been shown to involve
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an in itia l reversible phase w ith a m inimum exposure tim e of 12-18 hours 
required to bring about commitment to differentiation.
Asynchrony of differentiation w ith respect to time can also been observed in 
a nu m b er of pro tozoan p a ra s ite s , such  as b radyzo ite -tachyzo ite  
interconversion in T. gondii (Soete, et al., 1993), in Leishm ania  (Sacks and 
Perkins, 1984), T. cruzi (Heath, et a l., 1990), and T. brucei (Duszenko, 1990) 
as well as in higher eukaryotic cells such as DMSO induced granulocytic 
differentiation of HL-60 (Tarella, et al., 1982).
Thus, it is possible to find m any sim ilarities between the  events known to 
take  place during differentiation in T he ileria  and th e  d ifferen tiation  
processes of both o ther protozoan p a rasites  and of h igher eukaryotic 
systems. These sim ilarities could indicate th a t the underlying processes are 
essentially sim ilar and th a t by examining these parallels it may be possible 
to provide insights into the fundam ental molecular m echanism s controlling 
differentiation.
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1.9. Objectives of this work
The most in teresting aspect of Theileria biology is the unique ability of the 
parasite  to bring about im m ortalisation of the host leukocyte in which it 
resides. Very little is known of the m echanisms employed by the parasite  to 
control th is process, a lthough im m ortalisation is known to be associated 
w ith changes in host cell gene expression. A sta rting  point to the  fu rther 
understanding of th is process would be the investigation of how infection by 
the  pa rasite  leads the  up-regulation of host molecules. The infection 
associated molecule recognised by monoclonal antibody 4H5 (TaHBL20/125) 
(see 1.7.4.) is a good candidate gene w ith which to examine the process of 
parasite  controlled host cell gene expression. One of the prim ary objectives 
of th is thesis was to isolate the gene encoding this polypeptide and examine 
its function and regulation a t the molecular level in Theileria infected cells. 
D uring the  preparation of th is thesis, work was published concerning the 
up-regulation by the parasite  of another host encoded gene, MMP9 and the 
possible role of the transcrip tion factor AP-1 in its regulation (Baylis, et a l ., 
1995) (see 1.7.3.). In  view of this, a  secondary aim of th is work was to 
compare the regulation pathw ay of TaHBL20/125 w ith th a t of MMP9 to 
investigate if any general relationship existed between these events in the 
parasitised  host cell. As TaHBL20/125 is probably host derived, the  
polypeptide m ight also be expressed in cells of a re la ted  lineage to those 
infected by T. annula ta . A th ird  aim  of th is  thesis therefore, was to 
exam ine cells of the  m onocyte/m acrophage cell lineage for the  possible 
presence of a re la ted  m olecule. I f  th is  w as found to be th e  case 
investigations could be m ade into the  m odulation of expression of th is 
polypeptide in a non-parasitised system  which could have relevance to the 
mechanisms employed by the parasite  to induce expression during infection. 
M odulation in the expression of genes often accom panies cell lineage
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differentiation, so a fourth aim of th is thesis was to look for m odulated 
expression of the  molecule recognised by monoclonal antibody 4H5 during 
the  lineage differentiation of h igher eukaryotic cells. If  such m odulated 
expression was found, the  final aim of th is thesis was to com pare the 
initiation and progression of differentiation processes in Theileria  and w ith 
those of higher eukaryotes.
1.10. Summary of work presented
C hapter 2: describes the fu rther characterisation of the molecule recognised 
by m onoclonal antibody 4H5 in  T. annu la ta  infected  cells and  the  
relationship between expression and infection by the parasite.
C hapter 3: describes the characterisation of a 160 kDa molecule recognised 
by monoclonal antibody 4H5 in the hum an leukemic cell line HL-60 and the 
modulation of its expression during differentiation in vitro.
C h ap te r 4: describes investiga tions of th e  process of g ranulocy tic  
differentiation in HL-60 and the parallels th a t exist between differentiation 
in T. annulata  and HL-60.
C hapter 5: describes the strategies used to a ttem pt to clone the  molecule 
recognised by monoclonal antibody 4H5 from T. annulata  infected cells.
C hapter 6: contains a general discussion of the findings of th is thesis.
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Chapter 2
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C haracterisation  o f an in fection  associa ted  m olecu le  from  
T. annulata  in fected  ce lls
2.1. Introduction
In  common w ith  m any o ther transform ed cell lines, Theileria  infected 
lym phoblasts have been shown to undergo infection associated changes, 
some of which have been implicated in the process of im m ortalisation (see
1.7.). A lterations in the  expression of surface m em brane an tigens often 
accompany cell transform ation (Anderson, et a l ., 1978; Burridge, 1976). It 
is not su rp rising  therefore, th a t  a lte ra tions to the  phenotype of the  
Theileria  infected cell surface have been observed (Shiels, et al., 1986b). 
Using a series of monoclonal antibodies raised against T. annulata  (Hissar) 
infected lymphocytes, Shiels, et al. (1986b) were able to identify  several 
infection associated antigens by indirect immunofluorescence assay  (IFA). 
Three monoclonal antibodies (4H5, IE  12 and 2A6) were found to recognise 
antigens on the surface of the schizont infected cell. These antibodies failed 
to recognise any antigen on normal peripheral blood lymphocytes (PBLs) or 
on proliferating b lasts derived from Concavalin A (Con A), poke weed 
m itogen (PWM), phytohem agglutinin (PHA) or lipopolysaccharide (LPS) 
sim ulated lymphocytes. This suggested th a t the antigen detected w as not 
commonly found on a sub population of lymphocytes or generally associated 
w ith b last formation. These results also provided the first direct evidence 
th a t infection by Theileria induced novel antigens on the surface of infected 
lymphocytes.
The th ree  monoclonal antibodies were used to im m unoprecipitate surface 
radiolabelled molecules from extracts of different infected cell lines. 1E12 
and 2A6 failed to im m unoprecipitate any polypeptides, w hereas a single
45
specific polypeptide was precipitated by 4H5. This polypeptide was found to 
have a variable  m olecular m ass betw een different infected cell lines, 
ranging from 99 kDa in TaHBL20 (Hissar, India), to 116 kDa in TaR (Razi, 
Iran ) and 125 kDa in TaH46 (A nkara, Turkey) (Shiels, et a l., 1989). 
Monoclonal antibody 4H5 failed to detect any polypeptide in  BL20, the  
uninfected  coun terpart of TaHBL20, providing fu rth e r  evidence th a t  
infection by the parasite  induced altered expression of polypeptides a t the 
cell surface. These resu lts  also dem onstrated  th a t  a lte ra tio n  in the  
expression of the 4H5 epitope was a common feature of T. annulata  infected 
cell lines from different geographical areas.
In  sim ilar im m unoprecipitation experim ents a second anti-glycoprotein 
polyclonal antiserum , raised against a lentil lectin (Lens culinaris) specific 
fraction of a TaHBL20 cell extract, identified two infection associated 
surface molecules with relative molecular m asses of approxim ately 100 kDa 
and 80 kDa (Shiels, et al. , 1989). Two infection independent molecules were 
also identified by th is antibody and were assum ed, due to th e ir  size and 
location, to correspond to the  heavy and p2-microglobulin chains of the 
bovine class 1 (BoLa) antigen . These findings suggested th a t  novel 
expression of glycoproteins occurs a t the  surface of the  infected cell and 
confirm ed th e  re su lts  of a  sep ara te  study  w hich ch arac te rised  the  
differences between glycoprotein fractions from infected and uninfected cells 
(Taracha, 1985). In th is second study, an infection associated glycoprotein 
described by Taracha from TaH46 was found to have a sim ilar m olecular 
m ass (120 kDa) to th a t recognised by 4H5. W hen TaH46 ex tracts were 
im m unoprec ip ita ted  w ith  4H5 p rio r to ana ly sis  by lec tin  affin ity  
chrom atography, the 120 kDa glycoprotein was lost. Thus, from th is and 
from the sim ilarity  in size betw een the molecule recognised by the  a n ti­
glycoprotein antiserum  and th a t recognised by monoclonal antibody 4H5, it
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w as concluded th a t  th e  an tig en  w as a cell su rface  glycoprotein. 
Glycoproteins comprise the  major proportion of molecules found on the cell 
surface (Gahm berg, 1976) and it  is not su rp ris in g  th a t  the  an tigen  
recognised by monoclonal antibody 4H5 should be classified as such. In 
addition , th is  classification could also explain th e  v aria tio n s in  the  
m olecular m ass of th is  m olecule, as a  num ber of o ther cell surface 
glycoproteins have been shown to disp lay  s im ila r v a ria tio n  due to 
differential glycosylation (Hemler and Strominger, 1982).
Serum  from im m une bovines has failed to detect infection associated 
molecules on the surface of the host cell. This implies th a t such molecules 
are  either host derived and are therefore not recognised by the  bovine or, 
th a t they are parasite  derived and either non-antigenic (having no B cell 
epitopes) or masked by host cell molecules. Creemers (1982) suggested th a t 
molecules induced on the cell surface by the parasite could be either closely 
associated to or be subtle modifications of host molecules. A num ber of host 
molecules have been identified which show quan tita tive  or qualita tive  
alterations associated w ith  the presence of the parasite  (see 1.7.) As the 
polypeptide recognised by monoclonal antibody 4H5 is not recognised by 
imm une bovine serum, bu t is clearly antigenic, it would seem likely th a t it 
is host derived and is either modified or expressed a t higher levels following 
parasite  induced im m ortalisation of the host cell.
2.1.2. Aims
The aim of the work presented in th is chapter was to fu rther characterise 
the antigen recognised by monoclonal antibody 4H5. F irstly , to establish 
conditions th a t would perm it visualisation of the antigen, w ithout the need 
for radiolabelling and im m unoprecipitation. This in  tu rn  would aid
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subsequent m anipulations and allow determ ination of the  suitability  of the 
m olecule for im m unoaffinity  purification. Secondly, to conclusively 
dem onstra te  th a t the  sim ilarly  sized molecule recognised by the  a n ti­
glycoprotein polyclonal antiserum  and monoclonal antibody 4H5 were the 
same. Thirdly, to establish if the expression of the  molecule recognised by 
monoclonal antibody 4H5 was directly associated w ith  im m ortalisation by 
the  parasite  or was due to a secondary altera tion  brought about by long­
term  cell culture.
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2.2. Material and Methods
2.2.1. Cell culture
All cell lines were m aintained in culture a t 37°C, w ith 5% CO2 . C ultures 
were diluted every 2-3 days to an approxim ate cell density of 1 x 105 cells 
ml"1 w ith RPMI-1640 (Gibco) supplem ented w ith 8 pg ml"1 streptomycin, 8 
units p i '1 penicillin, 0.6 pg ml"1 am photericin B (Fungizone, Gibco), 0.05% 
sodium hydrogen carbonate and 10% h ea t inactivated  foetal calf serum  
(FCS), for TaHBL20, or 20% Myoclone FCS, for BL20 and monoclonal 
antibody hybridomas.
2.2.2. Cryopreservation of cell lines
Cell lines were preserved in  liquid nitrogen for long term  storage. 10 ml of 
cell culture was centrifuged a t 400 g for 5 m inutes and resuspended in 3 ml 
of medium containing 10% dimethylsulphoxide (DMSO). The resuspended 
cells were placed into cryotubes, wrapped in cotton wool and frozen in a pre­
cooled polystyrene box a t "70°C for 24 hours before tran sfe r to liquid 
nitrogen. To recover cell lines, cryopreservation tubes were thaw ed rapidly 
a t 37°C and the cells pelleted by centrifugation a t 400 g for 5 m inutes. Cells 
were washed twice in pre-warmed medium (37°C) before final resuspension 
in 5 ml of supplemented medium and transfer to a culture flask.
2.2.3. In vitro  in fection  of BL20 w ith  T. a n n u la ta  (Hissar) 
sporozoites
1 ml of stabilate, stored in liquid nitrogen in  7.5 % glycerol in  m inim al 
essential medium (MEM, GibcoBRL) was rapidly thaw ed in w ater a t 37°C 
and allowed to equilibrate a t room tem perature for 10 m inutes. Stabilates 
consisted of whole ground up tick (GUTS) m aterial from ticks infected w ith 
T. annulata  (Hissar) a t a concentration of approxim ately 2 tick equivalents
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(te) per ml. After equilibration, 1 ml of RPMI/ 20 % FCS prepared as 2.2.1 
was added slowly and allowed to equilibrate for 10 m inutes. This procedure 
was repeated w ith a fu rther 2 ml of medium to give a volume of 4 ml a t 0.5 
te  m l '1 and 1.9 % glycerol. 10 ml of rapidly growing BL20 cells were diluted 
in medium to concentration of 106 viable cells per ml and a 24 well Linbro 
plate was used to set up infections as outlined below;
Infection conditions Wells 1-4 Wells 5-8
Vol. of stabilate a t 0.5 te ml"1 800 pi 200 pi
Vol. BL20 a t 2 x 105 cells m l'1 200 pi 200 pi
Vol. medium 600 pi
Final concentration, te m l'1 0.4 0.1
The p late was incubated a t 37°C, and after 24 hours 1 ml of pre-warm ed 
m edium was added to the first 2 wells of each set. For the second 2 wells 
from each set, 500 ml of medium was removed from the top of the well and 
replaced w ith 1.5 ml of medium containing 10 % FCS. After a fu rther two 
days, cultures from all four wells of each set were m ade up to 10 ml w ith 
medium containing 20 % FCS, placed into tissue culture flasks and cultured 
as described 2.2.1.
2.2.4. Antisera
Monoclonal 4H5 was raised against the surface of T. annulata  (TaHBL20) 
infected lym phocytes (Shiels, et a l ., 1986b). The polyclonal a n ti­
glycoprotein an tise ru m  w as ra ised  in  a rab b it ag a in s t len til lec tin  
fractionated extracts of T. annulata  infected lymphocytes (Shiels, et a l.,
1989). Monoclonal antibody 1C 12 was raised against T. annulata  infected
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lymphocytes in the same m anner as monoclonal antibody 4H5 (Shiels, et al., 
1986b).
2.2.5. Immunofluorescence assays (IFA)
2.2.5.1. Indirect
P repara tion  of an tigen  slides for IFA was adap ted  from the  m ethod of 
Minami, et al. (1983). Cell cultures were grown to a density of 1 x 106 cells 
ml"l. The cells were pelleted by centrifugation a t 400 g for 5 m inutes and 
washed th ree tim es in  PBS (150 mM NaCl, 16 mM Na2HPO4.2H20, 4 mM 
N aH 2P04.2H 20, 4 mM KC1, pH 7.2.). The washed cells were resuspended 
a t 5 x 10? cells m l 'l  and fixed by the dropwise addition of an equal volume 
of 3.7% formaldehyde in PBS, followed by incubation on ice for 10 m inutes. 
The fixed cells were washed three times w ith PBS, resuspended a t 1 x 107 
cells m l 'l  and spotted onto Wellcome PTFE M ultispot slides (C.A. Hendley, 
Essex). Slides were a ir dried and stored a t "20°C in plastic bags containing 
silica gel. Slides of fixed cell lines were thaw ed in acetone a t room 
tem pera tu re  for 5 m inutes, and 20 pi undiluted hybridom a supernatan t 
added directly to each well. The slides were then  incubated in a moist box 
for 30 m inutes a t room tem perature  followed by th ree  w ashes w ith PBS. 
A fter a ir  drying, 20 pi of fluorescein isothiocyanate (FITC) conjugated 
rabb it anti-species IgG (Sigma) was added to each well. The slides were 
then  incubated as before, washed and then  counter stained by immersion in 
0.1% E vans blue in  PBS for 5 m inu tes. Slides w ere m ounted  in 
DABCO/glycerol (50% glycerol in w ater w ith 2.5% (w/v) 1,4 diazabicyclo 
(2.2.2.) octane (DABCO), pH 8.0.) and exam ined for fluorescence by 
microscopy under the x 50 objective of a Leitz ortholux II transm itted  light 
fluorescence microscope.
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2.2.5.2. Cell surface IFA
Cell cu ltu res a t a density  of 1 x 10® cells ml" 1 w ere pe lle ted  by 
centrifugation a t 400g for 5 m inutes and washed 3 tim es in an equal volume 
of ice cold PBS. The cells were resuspended to approxim ately 5 x 10® cells 
m l"l. 20 ml of cell suspension was then  incubated w ith 20 ml of undilu ted  
hybridoma supernatan t for 30 m inutes a t 4°C w ith occasional mixing. Cells 
were washed 3 tim es, as before, in 1 ml of ice cold PBS and resuspended in 
20 ml of PBS/10% FCS. 20 ml of FITC conjugated rabb it anti-species 
secondary antibody was added, and the cells incubated for 30 m inutes a t 
4°C, w ith occasional mixing. Cells were washed 3 tim es w ith 1 ml PBS and 
resuspended in  20 ml of 0.2% form aldehyde in  PBS, and spotted  onto 
m ultispot slides. Slides were allowed to a ir dry, before counterstaining by 
im m ersion in Evan's blue for 5 m inutes. Slides were w ashed w ith  PBS, 
m ounted in DABCO/glycerol and examined for fluorescence by microscopy 
as described above.
2.2.5.3. DAPI staining of IFA slides
A fter sta in ing  w ith  Evan's blue and w ashing, slides were m ounted  in 
DABCO/glycerol containing 4, 6-diamidino-2-phenylindole (DAPI) a t 1 mg 
m l 'l  and p-phenydiamine a t 1 mg m l'l
2.2.6. Preparation of cell extracts.
Cells were pelleted by centrifugation a t 400 g for 5 m inutes, w ashed th ree  
tim es in PBS, resuspended to a density of 2 x 10® cells m l"l in pre-chilled 
NP-40 lysis buffer (150 mM NaCl, 1% Nonidet-P40, 50 mM Tris.HCl, pH 
8.0) and incubated on ice for 30 m inutes. The insoluble m ateria l w as 
removed by centrifugation a t 15 800 g for 10 m inutes and the su p ern a tan t 
retained. NP-40 extracts were stored a t "20°C.
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2.2.6.1. Protein quantitation of cell extracts.
The protein concentration of cell extracts was estim ated by a  modification of 
the Bradford assay (Bradford, 1976). In order to remove detergent, proteins 
were first precipitated from extracts by incubating 20 pi of ex tract w ith 150 
pi of 11% trichloroacetic acid (TCA) for 30 m inutes a t room tem perature . 
Insoluble m aterial was pelleted by centrifugation a t 15 800 g for 5 m inutes 
and  the  pellet w ashed twice w ith  150 pi 11% TCA. P ro te in s w ere 
solubilized in 10 pi 2 M NaOH and 90 pi PBS and added to 5 ml of freshly 
d ilu ted  B radfords reagent. 5 x B radfords reag en t w as p repared  by 
dissolving 100 mg of Coomassie brilliant blue G-250 (Sigma) in 50 ml of 95% 
ethanol, followed by the addition of 100 ml of concentrated phosphoric acid 
and distilled w ater to final volume of 200 ml. The reagent could be stored 
a t 4°C for up to 6 m onths. Solubilised protein/B radfords reagen t was 
incubated for a m inim um  of 5 m inutes to enable colour developm ent to 
occur, and the absorbance a t 595 nm recorded. Concentration of protein in 
the  sam ple was estim ated  by comparison w ith  a se t of bovine serum  
album in (BSA) standards ranging from 20 to 1000 pg m l 'l .  25 pg or 15 pg 
total cell extract per lane were typically loaded onto P ro tean  II and m ini 
Protean II acrylamide gels respectively.
2.2.7. SDS-Polyacrylamide Gel Electrophoresis (PAGE)
SDS-PAGE was carried out according to the m ethod of Laem m li (1970), 
using the  Biorad P ro tean  II and  m ini P ro tean  II gel electrophoresis 
systems. The resolving gels varied in  acrylamide concentration from 10 to 
15%, depending on the  m olecular m ass range of the  polypeptides being 
analysed. For the Protean II apparatus, 30 ml of a 10% resolving gel was 
used routinely. The gel was composed of; 11.9 ml dH 20, 10 ml acrylamide 
mix (30% acrylamide, 0.8% N-N Bis-methylene acrylamide, Scotlab), 7.5 ml 
of 1.5 M Tris.HCl, pH 8.8 and 300 pi 10% SDS. Polym erisation was
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in itia te d  by th e  add ition  of 300 pi fresh ly  m ade 10% am m onium  
persu lphate  (APS) and 12 pi tetra-m ethyl-l,2-d iam inoethane (TEMED, 
Sigma) . After pouring the gel was overlaid w ith w ater sa tu ra ted  2-butanol 
and allowed to set for approximately 60 minutes.
Once the  resolving gel had  polymerised, the overlay was poured off and the 
top of the gel rinsed w ith dH20. 12 ml of a 4% stack gel was then  poured on 
top of the resolving gel. The stack gel composed of; 8.20 ml dH^O, 2.03 ml 
acrylam ide mix, 1.5 ml Tris.H C l, pH 6.8 and  120 pi of 10% SDS. 
Polym erisation was in itiated  by the addition of 120 pi 10% APS and 12 pi 
TEMED.
Where Protean II mini gels were used the volumes of resolving and stacking 
gels were reduced to approxim ately 10 ml and 3 ml respectively, w ith the 
appropriate adjustm ent in the proportions of individual components.
Sam ples were electrophoresed using e ither denaturing  conditions; where 
extracts were prepared in standard  sam ple buffer (500 mM Tris.HCl, pH
6.8, 8% SDS, 40% glycerol, 10% 2-mercaptoethanol, 0.002% bromophenol 
blue) and heated to 95°C for 5 m inutes prior to loading, or non-denaturing 
conditions; where samples were prepared in non-reducing sample buffer (as 
s tan d ard  w ithout 2-m ercaptoethanol) and not heated  prior to loading. 
M olecular m asses of proteins were estim ated by reference to m olecular 
m ass m arkers of high m ass range (29-205 kDa, Sigma) or low m ass range 
(14.2-66 kDa, Sigma). P ro tean  II gels were typically  electrophoresed 
overnight in electrophoresis tan k  buffer (50 mM Tris, 384 mM glycine, 2 
mM disodium ethylenediam inetetra-acetic acid (EDTA) and 0.1% SDS) a t 
50 V; while Protean II mini gels were run  for approxim ately 2 hours a t 100 
V. Following electrophoresis, a calibration curve of logio molecular m ass of
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standard  polypeptides versus distance m igrated was plotted and used to 
determ ine the molecular m ass of the sample polypeptides by extrapolation.
2.2.8. Western blotting
Im m unoblotting of polyacrylam ide gels (W estern blotting) w as adapted  
from (Towbin, et al., 1979). Proteins were first separated on polyacrylamide 
gels rang ing  from 10-15% and  tra n s fe rre d  to n itrocellu lose  filte rs  
(Schleicher and Schuell, BA 85, 0.45 pm) in tran sfe r buffer (25 mM Tris, 
192 mM glycine, 20 % methanol), using either a Bio-Rad T rans blot cell or 
mini blot cell a t 4°C. Transfer was carried out w ith a current of 300 mA for 
3 hours or 1 hour respectively. Efficiency of tran sfer was determ ined by 
staining the filter for 5 m inutes w ith 0.2% Ponceau-S (Sigma) in 3% TCA, 
followed by destaining in distilled water. M arker lanes were cut off and the 
filter was rinsed w ith wash buffer (10 mM Tris.HCl, pH 7.4, 150 mM NaCl, 
0.1% Tween 20) to remove residual stain. The filter was then  incubated for 
3 hours a t room tem perature on a rocking platform in block buffer (as wash 
buffer supplemented with 5% non fat milk powder, 10% horse serum). After 
blocking filters were incubated overnight a t room tem p era tu re  in  the  
prim ary antibody; polyclonal an tisera was diluted 1:200 in block buffer and 
monoclonal antibody superna tan t was used undiluted. After incubation, 
unbound antibody was removed by rinsing filters twice, then  w ashing 2 x 15 
m inutes in wash buffer. W ashed filters were incubated for 2 hours w ith 
e ither alkaline phosphatase conjugated anti-species second antibody (IgG 
whole molecule, Sigma) a t a dilution of 1: 30 000 in  block buffer, or 
peroxidase conjugated anti-species second antibody (Sigma) a t 1: 10 000 in 
block buffer. The filters were then  washed as before. Antibody binding 
was detected in the  case of a lkaline  phosphatase  conjugated second 
an tib o d y  by th e  m ethod  of H arlow  an d  L ane  (1988), u s in g  
bromochloroindoyl phosphate/tetrazolium  (BCIP/NBT) as the  substra te .
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This generates a purple precipitate  a t the  site  of alkaline phosphatase 
b inding  and was term ina ted , w hen the  reaction  w as judged  to have 
proceeded sufficiently, by washing the filter in  tap  w ater and  allowing it  to 
a ir  dry. In the case of peroxidase conjugated second antibody, the  ECL 
m ethod was used (according to the m anufacturers instructions, Amersham), 
to generate chemiluminescence a t the site of peroxidase binding. The filters 
w ere exposed to au torad iography  film  (Kodak X-Om at AR) a t room 
tem p era tu re  for varying lengths of tim e betw een 30 seconds and 30 
m inutes. Film was developed by subm erging the film in the dark  in Kodak 
LX24 developing solution for 3 m inutes, rinsed in 3 % acetic acid for 30 
seconds, fixed in Ilford Hypam fixing solution for 3 m inutes and finally 
rinsed in tap  w ater for 5 m inutes.
2.2.9. Periodation of immunoblots
A fter Ponceau S staining the filter was washed in 20 mM sodium acetate, 
pH 5.4, 50 mM sodium chloride, and then  incubated in the sam e buffer w ith 
10 mM sodium m etaperiodate (Sigma ) for 60 m inutes in the  dark. The 
filter was washed 3 tim es in dH 20, incubated for 20 m inutes in 20 mM 
Tris.HCl, pH 7.2, 150 mM NaCl, 200 mM glycerol and w ashed 3 tim es in  20 
mM Tris.HCl, pH 7.2, 150 mM NaCl. After th is trea tm en t the  filter was 
incubated with block buffer and antibodies as 2.2.8.
2.2.10. Immunoprecipitation
Im m unoprecipitations were perform ed by incubating  150 |il of NP-40 
extract overnight a t 4°C w ith 5 pi of purified 4H5 monoclonal antibody (see
5.2.2.). 50 pi of a 10% (v/v in NP-40 lysis buffer) suspension of Protein-A 
Sepharose 4 Fast Flow beads (Pharm acia) was added to the  sam ples and 
th e  sam ple tubes incubated  on a ro ta to r  for 60 m in u tes  a t room 
tem perature. The beads were pelleted by centrifugation a t 8 000 g for 15
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seconds, and non specifically absorbed m aterial removed by w ashing three 
tim es in NP-40 lysis buffer. Bound immune complexes were eluted from the 
beads by incubation in 25 pi SDS-PAGE sam ple buffer a t 85°C for 10 
m inutes. Samples were then  subjected to SDS-PAGE and W estern blotting 
(see 2.2.7. and 2.2.8.).
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2.3. Results
2.3.1. Immunofluorescence studies using monoclonal antibody 4H5
To confirm the antibody reactivity of previous studies, monoclonal antibody 
4H5 was used in both indirect and cell surface immunofluorescence assays 
to investigate the presence of the  4H5 antigen in various cell types (see
2.2.5.). Cells of the bovine lymphosarcoma cell line BL20 were not detected 
by monoclonal antibody 4H5 whereas, the infected counter part, TaHBL20, 
show ed in ten se  reac tiv ity  (F igure 2.1. A and  B). In  TaHBL20 
approxim ately 75% of the cells showed in tense immunofluorescence w ith 
th is antibody, while the rem aining 25% of cells showed e ither fain t or no 
reactivity. Figure 2.1. shows the pa ttern  of reactivity observed when the 
same antibody was used in an  indirect surface immunofluorescence assay. 
BL20 cells were not detected by 4H5 (Figure 2.1.C) and a speckled pa ttern  
of reactivity  was observed on the  outside of the  infected TaHBL20 cells 
(Figure 2.1.D). These resu lts  indicated th a t  the  an tigen  detected by 
monoclonal antibody 4H5 in TaHBL20/125 was, a t least in part, located on 
the  surface of the  infected cell and confirms the  infection associated 
reactivity described previously (Shiels, et al., 1989; Shiels, et a l., 1986b).
2.3.2. Identification of TaHBL20/125 by immunoblotting
To characterise the 4H5 antigen a t the molecular level, NP-40 extracts (see
2.2.6.) were prepared from BL20 and TaHBL20 cells. Previously th is  
antibody was unable to detect antigen by im m unoblotting. To determ ine 
w h e th er th is  w as due to recognition  of an  epitope destroyed  by 
d e n a tu ra tio n , e lectrophoresis w as carried  out u n d e r non-reducing  
conditions (see 2.2.7.). U nder norm al PAGE conditions no detectable 
polypeptides were observed using m onoclonal antibody 4H5 to probe 
immunoblots of either BL20 or TaHBL20 (Figure 2.2. lanes 1 and 2). When
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Figure 2.1. Immunofluorescence reactivity of monoclonal antibody 4H5 on 
fixed slide preparations of (A) the  uninfected bovine lymphosarcoma line 
BL-20 and (B) the  T. annula ta  infected counter p a rt of A, TaHBL20. 
Surface immunofluorescence reactivity of monoclonal antibody 4H5 on (C) 
BL20 and (D) TaHBL20. (Bar = 10 pm)

Figure 2.2. A nalysis of uninfected  and infected cell ex trac ts  by 
imm unoblotting and probing w ith monoclonal antibody 4H5 under reducing 
and non reducing SDS-PAGE conditions.
Lane 1: BL20 reducing 
Lane 2: TaHBL20 reducing 
Lane 3: BL20 non-reducing 
Lane 4: TaHBL20 non-reducing
1 2  3 4
kDa
116>
97>
66 >
45>
29 >
extracts were run  under non-reducing SDS-PAGE conditions, th a t  is 2- 
m ercaptoethanol was omitted from the sample buffer and the sam ples were 
not heated  to 100°C prior to loading on to the gel, a polypeptide of 125 kDa 
was clearly detected in TaHBL20 (TaHBL20/125) (Figure 2.2. lane 4). No 
corresponding band was visible in BL20 (Figure 2.2. lane 3).
Periodate is thought to oxidise vicinial hydroxyl groups on carbohydrate 
bringing about s tru c tu ra l a ltera tions to carbohydrate specific antibody 
epitopes and removing the  reactivity  of antibodies which recognise these 
epitopes. To investigate if monoclonal antibody 4H5 recognises an epitope 
conferred by secondary modification of the polypeptide, an immunoblot of 
BL20, TaHBL20 and piroplasm  ex tracts w as periodate  tre a te d  and 
subsequently probed w ith monoclonal antibody 4H5 (see 2.2.8. to 2.2.9.). 
Detection of the 30 kDa T am sl antigen (see 1.6.3.) by monoclonal antibody 
5E1 is known to be periodate sensitive, and served as a positive control in 
the experim ent (Dickson and Shiels, 1993). The W estern blot was Ponceau 
stained and cut into strips. H alf of the strips were trea ted  w ith periodate, 
the other ha lf were left as un treated  controls. The strips were probed w ith 
monoclonal antibody 4H5, or in the  case of piroplasm  extracts, w ith 5E1. 
Detection of the 30 kDa antigen by 5E1 was completely abolished by the 
trea tm e n t, indicating  th a t  periodate oxidation had  been carried  out 
successfully (Figure 2.3. lanes 5 and 6). No specific antigen was detected by 
monoclonal 4H5 in the uninfected BL20 extracts w hether trea ted  w ith 
periodate or not (Figure 2.3. lanes 1 and 3). Monoclonal antibody 4H5 
detected a single polypeptide of 125 kDa in both the un trea ted  and treated  
TaHBL20 extracts. However, following trea tm e n t w ith  periodate the  
in tensity  of TaHBL20/125 increased significantly (Figure 2.3. lanes 2 and 
4). This dem onstrated th a t monoclonal antibody 4H5 did not detect an 
epitope conferred by periodate sensitive carbohydrate moieties.
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Figure 2.3. Analysis of periodate trea ted  and un trea ted  immunoblots of 
infected and uninfected cell extracts probed with monoclonal antibody 4H5 
or 5E1.
Lane 1: BL20 untreated, probed w ith 4H5
Lane 2: TaHBL20 untreated, probed with 4H5
Lane 3: BL20 trea ted  w ith periodate, probed with 4H5
Lane 4: TaHBL20 treated  with periodate, probed with 4H5
Lane 5: Piroplasm treated  with periodate, probed with 5E1
Lane 6: Piroplasm  untreated, probed with 5E1
Figure 2.4. Im m unoprecipitation of infected and uninfected cell extracts 
w ith monoclonal antibody 4H5, followed by W estern blotting and probing 
with the anti-glycoprotein polyclonal antiserum .
Lanes 1 BL20 
Lane 2: TaHBL20
1 2 3 4 5 6
kDa
1 1 6 >
6 6>
45 >
29 >
1
kDa
1 1 6 >
9 7 >
6 6>
45 >
2.3.3. Confirmation of TaHBL20/125 as a glycoprotein
A second polyclonal an tiserum  raised against the  lentil lectin fraction of 
infected cells was shown to recognise an infection associated an tigen  of a 
sim ilar size to th a t recognised by monoclonal antibody 4H5 in TaHBL20 
(Shiels, et al., 1989). NP-40 ex tracts were p repared  from BL20 and
TaHBL20 and imm unoprecipitated (see 2.2.10.) using monoclonal antibody 
4H5. Following elution of bound immune-complexes, sam ples were ru n  on a 
10% acrylam ide gel and  im m unoblotted using  the  anti-g lycoprotein  
polyclonal antibody. No specific bands were detected in the  uninfected 
BL20 extract (Figure 2.4. lane 1) and a single band of 125 kDa was detected 
in TaHBL20 extracts (Figure 2.4. lane 2). These results suggested th a t both 
the  anti-glycoprotein polyclonal antibody and monoclonal antibody 4H5 
recognised the same 125 kDa molecule in TaHBL20 cells, confirming th a t 
the 125 kDa antigen was likely to be glycosylated.
2.3.4. Establishment of newly infected cell line
To determ ine  w h e th er TaHBL20/125 w as d irec tly  associated  w ith  
im m ortalisation by the parasite  or was a resu lt of secondary a ltera tions 
brought about by long-term cell culture, uninfected BL20 cells were infected 
w ith T. annulata  (Hissar) sporozoites using GUTS (2.2.3.) and examined for 
the  presence of TaHBL20/125. Following the in itial infection, low serum  
concentration of either 10% or 5% was used in  subsequent passages. BL20 
cells pro liferate  relatively  slowly a t these  low serum  levels, w hereas 
infected cells, which have a h igher ra te  of proliferation, are unaffected. 
Thus, the culture conditions were m anipulated  to favour the  grow th of 
infected cells and establish the  new cell line, nTaHBL20. In the  early 
stages the num ber of infected cells was determ ined by IFA using the anti- 
macroschizont monoclonal antibody 1C12 (see 2.2.4.). Figure 2.5.B shows
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Figure 2.5. Immunofluorescence reactivity of monoclonal antibody 1C 12 
on fixed slide preparations of (A) uninfected BL20 cells and (B) the  newly 
infected nTaHBL20 cells. Immunofluorescence reactivity  of monoclonal 
antibody 4H5 on fixed slide preparations of; (C) nTaHBL20 cells, passage 
num ber 6; (D) nTaHBL20 cells passage num ber 83; (E) nTaHBL20 cells 
passage num ber 83; (F) as E seen under DAPI staining, the  presence of a 
macroschizont is indicated by M.
The m agnification bar shown in A also applies to E and F, w hereas the 
magnification bar in B applies to C and D. (Bar = 10 pm).

th e  p a tte rn  of reac tiv ity  observed w ith  th is  an tibody. P a ra s i te  
macroschizonts were clearly visible w ithin the cytoplasm of infected cells, 
allowing an accurate estim ation of the num ber of infected cells to be m ade. 
F igure 2.6. shows the ra te  a t which parasitised cell lines were established 
under a variety  of conditions. The highest ra te  of infection was observed 
for cells which received the highest tick equivalent (te) of sporozoites (0.4) 
and  were cultured in the  lowest serum  concentration of 5%. The second 
highest infection ra te  was observed where 0.1 te and 5% serum  w as used. 
These resu lts suggest th a t the most im portant factor in the establishm ent 
of the newly infected cell lines was a concentration of serum  which favoured 
proliferation of the infected cells. In three of the cultures a large percentage 
of parasitised  cells were observed (more th an  88%) w ithin tw enty days of 
the  in itia l infection. In the  passages subsequent to day 20, all cu ltures 
eventually attained  a high percentage of parasitised cells.
2.3.5. Induction of TaHBL20/125 in nTaHBL20
The newly infected nTaHBL20 cells were tested  for th e  presence of 
TaHBL20/125 by IFA and the  percentage of cells showing reactiv ity  
estim ated by counting. At passage 6, no cells were found to react w ith 4H5 
in  any of the duplicated nTaHBL20 cultures (Figure 2.5.C). To exam ine if  
TaHBL20/125 had perhaps undergone a secondary modification m aking it 
unreactive w ith monoclonal antibody 4H5 by IFA, NP-40 extracts of the  
nTaHBL20 cultures were im m unoblotted, periodate trea ted  and probed 
w ith monoclonal antibody 4H5. Comparison was made to sim ilarly trea ted  
BL20 and TaHBL20 extracts. As expected BL20 showed no reaction w ith 
monoclonal antibody 4H5, and TaHBL20 gave a single specific band of 125 
kDa (Figure 2.7.A. lanes 8 and 9 respectively). Monoclonal antibody 4H5 
failed  to recognise any specific bands in  th e  nTaH BL20 ex trac ts
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Figure 2.6. P ercen tage of cells containing m acroschizonts in  the 
nTaHBL20 cell lines following infection. Immunofluorescence reactivity of 
monoclonal antibody 1C 12 against nTaHBL20 cells was used to calculate 
the percentage of infected cells p resent at different tim e points following 
infection.
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Figure 2.7. Analysis of periodate treated  immunoblots of newly infected, 
nTaHBL20 cell extracts probed w ith monoclonal antibody 4H5 following 
different lengths of tim e in culture. (A) extracts made a t passage num ber 8 
and (B) extracts made a t passage num ber 83.
Lanes 1 to 7; duplicate nTaHBL20 cultures 
Lane 8; BL20 
Lane 9; TaHBL20
(A)
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(Figure 2.7.A. lanes 1 to 7), leading to the  conclusion th a t TaHBL20/125 
was not present in the nTaHBL20 cell lines a t th a t time.
D uplicate  cu ltu res  of nTaH BL20 w ere m a in ta in ed  in  cu ltu re  and  
periodically tested by both IFA and by im m unoblotting for the  presence of 
TaHBL20/125. At passage 83, a small percentage of the cells in all of the 
duplicate cultures were found to give brigh t reactivity  w ith  4H5 by IFA 
(Figure 2.5.D). However, the  highest value for the  num ber of brightly  
positive nTaHBL20 cells w as only 7%, com pared w ith  over 75% in 
TaHBL20. Sim ultaneously stain ing  the IFA slides w ith DAPI (see 2.2.5.) 
showed a correlation between cells giving bright reactivity and the presence 
of macroschizonts (Figure 2.5. E and F). Periodate trea ted  immunoblots of 
NP-40 extracts from nTaHBL20 cells a t passage 83 w ere probed w ith  
monoclonal antibody 4H5. A predom inant polypeptide of 125 kDa was seen 
in nTaHBL20 cultures 1,2, 4 and 5, with a fain ter polypeptide of the sam e 
size seen in  nTaHBL20 cu ltures 3, 6 and 7 (Figure 2.7.B). This resu lt 
suggests th a t TaHBL20/125 had  been induced to a varying extent in all of 
the  nTaHBL20 cell lines. By comparing the  IFA and imm unoblot data, a 
co rre lation  w as found betw een those cu ltu res show ing the  h ighest 
percentage of positive cells by IFA (Table 2.1.) and those cultures giving the 
strongest bands by immunoblotting.
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Table 2.1. Percentage of cells in duplicate nTaHBL20 cultures showing 
b righ t positive reactivity  w ith monoclonal antibody 4H5 by IFA during 
prolonged culture in vitro.
Culture Passage 6 Passage 46 Passage 83
1 0.0 0.5 1.16
2 0.0 0.4 6.95
3 0.0 0.0 0.20
4 0.0 0.2 0.60
5 0.0 0.0 4.44
6 0.0 0.0 0.40
7 0.0 0.0 0.20
2.4. Discussion
IFA and im m unoblotting using monoclonal antibody 4H5 confirmed the  
presence of a 125 kDa infection associated molecule in the  TaHBL20 cell 
line. Recognition of th is  polypeptide by monoclonal antibody 4H5 on 
immunoblots was observed only when non-denaturing conditions were used 
in  the  electrophoresis. The inclusion of 2-m ercaptoethanol in  norm al 
sam ple buffer and the heating  of sam ples to 100°C is generally  used to 
d isrupt the physical structure of proteins and allow polypeptides to m igrate 
during SDS-PAGE electrophoresis as a function of molecular m ass. U nder 
these conditions monoclonal antibody 4H5 failed to recognise any molecule 
in TaHBL20. From th is  it was possible to conclude th a t  the  antibody 
recognised a conformational epitope, and th a t physical d isruption  of the  
struc tu re  of TaHBL20/125 resulted  in a loss of reactivity by the antibody. 
Previous ind irect evidence had  charac terised  th e  4H5 an tigen  as a 
glycoprotein (Shiels, et a l., 1989). This w as confirm ed d irectly  by 
im m unoprecipitation of the 125 kDa antigen from TaHBL20 extracts w ith 
monoclonal antibody 4H5 and subsequent detection on immunoblots by the 
anti-glycoprotein polyclonal antibody.
The experim ents represen ted  in Figure 2.3. indicated  th a t  th e re  were 
v a ria tio n s  in  th e  ab ility  of m onoclonal an tibody  4H5 to de tec t 
TaHBL20/125. W hen im m unoblots of TaHBL20 w ere tre a te d  w ith  
periodate, an increase in signal was observed for the TaHBL20/125 antigen 
(Figure 2.3. lanes 2 and 4). A possible explanation for th is increase was 
th a t the epitope for monoclonal antibody 4H5 was, to some extent m asked 
by oligosaccharide residues. Sodium periodate oxidises hydroxyl groups on 
the hexose ring of carbohydrates, thus breaking the ring and disrupting the 
physical in tegrity  of any oligosaccharides containing th is s truc tu re  (Eylar
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and  Jeanloz, 1962). D isruption of carbohydrate residues could have 
increased the access of the antibody to its epitope, resulting in the  observed 
increase in signal.
Previously monoclonal antibody 4H5 had failed to detect any polypeptide in 
uninfected PBLs or in  the  uninfected cell line BL20. Experim ents were 
carried out to investigate the induction kinetics of TaHBL20/125 following 
infection of BL20 by T. annulata  (H issar) sporozoites. This experim ent 
essentially re-created the TaHBL20 cell line. Shortly after the infection of 
BL20 (passage 6) cells were assayed by IFA w ith monoclonal antibody 4H5 
for the  presence TaHBL20/125, however, no reactiv ity  w as observed. 
Recognition of TaHBL20/125 by monoclonal antibody 4H5 was known to be 
sensitive to conditions which affect the structural in tegrity  of polypeptides. 
This antigen was also known to show variability between different cell lines 
(Shiels, et al., 1989). Therefore, it was possible th a t in the  new cell lines, 
TaHBL20/125 could have undergone s tru c tu ra l m odifications which 
resu lted  in  a lack of recognition by monoclonal antibody 4H5 by IFA. 
Periodate trea ted  imm unoblots of the nTaHBL20 cell lines were probed 
w ith monoclonal antibody 4H5, however, no polypeptide was detected under 
these conditions. By the criteria previously established for the detection of 
TaHBL20/125, the molecule was considered to be absent in the nTaHBL20 
cell lines a t th is time, although it was possible th a t the apparent absence of 
the antigen could have been the result of still fu rther struc tu ra l alterations 
to the 4H5 epitope which affected recognition by the antibody.
Prolonged culture in vitro  is know to a lte r the  phenotype of cells. For 
example, the activities of protease enzymes has been shown to decrease 
following long term  cell cu lture (Baylis, et al., 1992). To investigate  if 
prolonged culture in vitro would affect the  expression of TaHBL20/125 by
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nTaHBL20, the cells were m aintained  and periodically re-tested  for th e  
presence of TaHBL20/125. A noticeable change in the  phenotype of the  
nTaHBL20 cell lines occurred a t around passage 83. W hen tes ted  for 
reactivity w ith 4H5 by IFA a few cells, between 0.2% and 7%, in  some of the  
cu ltu res showed in tense  reactiv ity  (Figure 2.5.D.). S im ilarly , w hen 
periodate trea ted  immunoblots were probed w ith 4H5, a polypeptide of 125 
kDa was observed in the cell lines (Figure 2.7.B.). Thus, it would seem th a t 
prolonged culture in vitro had  induced the  expression of TaHBL20/125, 
albeit a t low level. Different duplicate cultures were found to have varying 
levels of TaHBL20/125. These variations in expression could have arisen  as 
a resu lt of subtle differences in the culture conditions found in each flask 
over time. Alternatively, the variations could have been a resu lt of mixed 
sporozoite infections as, although derived from identical host cells, it is 
likely th a t the GUTS extract contained mixed parasite populations.
Several changes associated w ith  the transform ation  process have been 
described previously (see 1.7.), and host molecules which are up-regulated 
by the parasite  have been found to be variably expressed in a sim ilar way to 
the expression patterns observed for TaHBL20/125 in nTaHBL20 cells. For 
example, in cells infected with T. parva , the percentage of cells positive for 
the expression of the  Tac antigen component of the  IL-2 receptor varies 
between different cell lines and between experiments. These fluctuations 
have been found in both cloned and uncloned cell lines and w ere also 
observed for other surface differentiation antigens (Dobbelaere, et al., 1990). 
Similarly, the expression pa ttern  of the Tac antigen varied in T. annulata  
infected cells, where the percentage of positive cells ranged from 94% to 6% 
in different cell lines. Therefore, the low level expression of TaHBL20/125 
in nTaHBL20 compared to TaHBL20 cells does not necessarily preclude the 
conclusion th a t its expression is associated w ith infection by the  parasite.
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A sim ilar experim ent to the one described above was carried out by Leila 
Ben Miled (unpublished data) and the  resu lts are  presented in Table 2.2. 
PBLs isolated from 6 different cows were infected w ith  sporozoites of T. 
annulata  (Hissar) and tested  for reactivity w ith monoclonal antibody 4H5 
by fluorescent assay  cell sorting (FACS) analysis. At eight days post 
infection, all 4 cultures showed a high percentage of cells w ith  positive 
reactivity for monoclonal antibody 4H5, (59% to 88%). By day 14 two of the 
cultures, from the A70 and A435 cows, were found to contain over 98% 
positive cells. As the substantial increase in the percentage of cells showing 
positive reactivity  from day 0 to day 14 was probably a reflection of the 
increasing  proportion of infected cells in the  PBL cultures, the  resu lts  
indicate th a t in  PBLs, induction of the antigen recognised by monoclonal 
antibody 4H5 was brought about soon after im m ortalisation was initiated . 
Thus, two sets of conflicting data  on the kinetics of 4H5 antigen expression 
have been obtained
An explanation for th is discrepancy could be th a t there  is a difference 
between the natu re  of the host cells infected in each experiment. BL20 is a 
lymphoblastoid cell line, probably of B-cell origin, originally isolated from a 
case of sporadic bovine leukosis (Olobo and Black, 1989). As th is cell line 
w as a lready  transform ed, i t  is not c lear how th is  m ight affect the  
subsequent a lterations to host cell gene expression brought about by the 
parasite. Following infection by T. annula ta , the BL20 cells increased their 
ra te  of proliferation and formed large clumps of cells characteristic of the 
original TaHBL20. A lterations associated w ith  the parasite  had  clearly 
taken  place. However, some of the  changes in gene expression associated 
w ith  parasite  transform ation of norm al PBLs m ight be more difficult to 
bring about in an  im m ortalised cell where changes to gene expression have
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Table 2.2. Percentage of peripheral blood lymphocytes (PBLs) showing 
positive reactivity for monoclonal antibody 4H5 by fluorescent antibody cell 
so rting  (FACS) analysis over a 14 day period from four d ifferent cows 
infected w ith T. annulata  (Hissar) sporozoites.
Cow Day 0 Day 2 Day 4 Day 8 Day 11 Day 14
A65 0 6.33 26.49 82.44
A434 0 19.58 12.20 58.96
A70 0 —  13.59 88.50 97.16 98.65
A435 0 —  11.0 72.74 90.38 98.50
already  occurred. I t is im possible to estab lish  if  sim ilar p a tte rn s  of 
TaHBL20/125 expression were displayed during the estab lishm ent of the 
original TaHBL20 cell line, as early passage num bers do not exist. Only 
prolonged culture in vitro will determ ine if TaHBL20/125 expression shown 
by the nTaHBL20 cell lines will achieve the levels observed for the  original 
TaHBL20. Taken together the results imply an association of elevation of 
4H5 antigen expression, bu t it rem ains unclear w hether th is  event is a 
prim ary or secondary response to infection of the host cell by the parasite.
By exam ining the  characteristics of TaHBL20/125, it is possible to find 
sim ilarities w ith other molecules in uninfected cells of a related lineage and 
provide possible clues as to its identity. The most in teresting feature of the 
4H5 antigen is its variable molecular m ass between cell lines. Many of the 
surface molecules identified on the  surface of hum an  leukocytes display 
sim ilar variations in molecular m ass and these variations have been found 
to be a resu lt of essentially three different mechanisms.
The carcinoem bryonic an tigen  (CEA) is a prototype fam ily of highly 
homologous glycoproteins which have been reported to have a varie ty  of 
functions including cell adhesion (Kuijpers, et a l., 1992), signal transduction 
(reviewed in Stanners, et al. 1995), collagen binding (reviewed in Thompson, 
et al., 1991), ecto-ATPase activity (reviewed in Thompson, et al., 1991), and 
bile acid transport (Sippel, et al., 1993). Individual m em bers of the  CEA 
have trad itiona lly  been h a rd  to characterise  due to th e  difficulty in 
obtaining monoclonal antibodies which do not cross reac t w ith  o ther 
m em bers of the family (Engvall, et al., 1978; Paxton, et al., 1987; Shively 
and Beatty, 1985; Thompson, et al., 1987). It is possible th a t monoclonal 
antibody 4H5 could be recognising a shared epitope present on different, 
bu t possibly related  molecules, in the different infected cell lines. W hen
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leukocytes become im m ortalised by the  parasite  they  stop expressing a 
num ber of cell surface m arkers, m aking it difficult to determ ine precisely 
the  type of cell infected (Glass and Spooner, 1990; Spooner, et a l., 1989; 
Spooner, et a l., 1988). The possibility exists th a t if  the  parasite  brings 
about transform ation of d istinct cell types the  induction of different, but 
related  molecules could take place.
A second way by which variable molecular m ass m ight be brought about is 
by post-transcrip tiona l m odification of gene expression for exam ple, 
variable intron splicing of mRNA molecules. The occurrence of a num ber of 
alternatively spliced mRNA appears to be a typical feature of cell adhesion 
molecules (CAMs). Neural-CAM  (NCAM) has a t lea s t tw en ty  seven 
alternatively spliced forms expressed during ra t  h eart development (Reyes, 
et a l ., 1991). Therefore, the variation in molecular m ass of the 4H5 antigen 
could be brought about by the translation of different splice varian ts of the 
same gene in different cell lines.
The th ird  and most likely explanation for the variable m olecular m ass, is 
th a t  of p o s t- tra n s la tio n a l m odification by, for exam ple, v a riab le  
glycosylation. This type of varia tion  also been seen in  the  surface 
glycoproteins of leukocytes. Leukosialin (CD43), a m ajor sialoglycoprotein, 
has been shown to have a variable molecular m ass of between 95- and 150 
kDa due to differences in the  O-linked glycan a ttached  to the  molecule 
(Carlsson and Fukuda, 1986a). The struc tu re  of the  O-linked glycan is 
characteristic of cell lineage (Carlsson, et al., 1986b) and different stages of 
differentiation (Fukuda, et al., 1986). Thus, the gene encoding the antigen 
recognised by monoclonal antibody 4H5 could undergo differential post- 
translational modifications which are characteristic of a particular cell type.
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L ittle  is known about the true  identity  of TaHBL20/125 and a num ber of 
im portan t questions rem ain unresolved. Although assum ed to be of host 
origin, no direct evidence exists as to the identity, function or mechanism  of 
up-regulation of th is antigen in T. annulata  infected cells. Sim ilarly the 
m echanism  of variation in molecular m ass displayed by th is molecule is also 
unknown. A num ber of these questions would be most easily addressed by 
th e  isolation of the  gene encoding the  4H5 antigen , and  th is  was a 
subsequent aim of this study.
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Chapter 3
C h aracterisa tion  o f an an tigen  recogn ised  by m on oclon a l 
an tibod y 4H5 in  HL-60
3.1. Introduction
The preceding chap ter described the  characterisa tion  of a m olecule of 
probable host cell origin, which is up-regulated by the  presence of the  
parasite  w ithin the host cell. T. annulata  infects cells of the bovine im m une 
system  which are positive for MHC class II antigens, nam ely B cells and 
monocytes/macrophages (Glass, et a l ., 1989; Spooner, et al., 1989; Spooner, 
et al., 1988). Up-regulation of host molecules as a result of parasite  induced 
im m orta lisa tion  is likely to occur v ia  a b e rra n t expression  of genes 
associated w ith cells of these developmental lineages. Therefore, it was of 
in te re s t to investigate  if  any paralle ls exist betw een a lte red  antigenic 
expression in Theileria  infected cells and in uninfected cells of a rela ted  
lineage. The reactivity  of monoclonal antibody 4H5 had been previously 
tested  against norm al and mitogenically stim ulated PBLs and found to be 
negative (Shiels, et al., 1986b), it was decided therefore th a t the  reactivity 
should be tested against other cells lines of the monocyte/macrophage line. 
One of the  m ost extensively studied cell lines w ith  sim ilarities to the  
lineage of T. annulata  infected cells is the hum an leukemic cell line HL-60.
The HL-60 cell line was originally isolated from a p a tien t w ith  acute 
myeloid leukaem ia (Collins, et al., 1977). Unlike other cells isolated from 
patien ts w ith sim ilar leukemias, where growth in vitro is often lim ited to a 
few cell divisions due to a lack of patien t derived exogenous growth factors, 
HL-60 displays factor independent continuous proliferation in culture. The 
characteristic which has a ttracted  most in terest in th is cell line however, is 
its capacity to differentiate in vitro into a variety  of different cell types of
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the  myelomonocytic cell lineage, reviewed in Collins (1987). HL-60 can be 
induced to differentiate into granulocytes, monocytes and macrophage-like 
cells by a variety  of agents. When considering th is  cell line it is im portan t 
to note th a t these designations are somewhat a rb itra ry  as certain inducers 
give rise to cells w ith characteristics overlapping these categories, and when 
compared to the norm al cell counterpart, d ifferentiated HL-60 cells m ay 
lack certain  lineage specific characteristics. The bipotency of HL-60 also 
causes some difficulty in the assignm ent of the cell line to an  appropriate 
place in the  hierarchy of the  granulocyte and m onocyte/m acrophage cell 
lineage (Figure 3.1). It is possible th a t th is is not an  abnorm al cellular s ta te  
brought about by transfo rm ation  and in vitro  cu ltu re , and  th a t  the  
determ ined h ierarchy  represented  in Figure 3.1. m ay not be absolutely 
correct (Fibach, et a l ., 1982).
HL-60 cells are predom inantly promyelocytes but, in culture, spontaneous 
differentiation to m atu re  myelocytes, m etam yelocytes and granulocytes 
occurs in approximately 5% of cells. The spontaneous differentiation of HL- 
60 to granulocytes can be increased by a variety  of agents which include 
polar-planar compounds such as DMSO (Collins, et al., 1978) and a diverse 
range of o ther agents such as, retinoic acid (B reitm an, et al., 1980), 
actinomycin D (Collins, et al., 1980), tunicam ycin (N akayasu, et al., 1980), 
hypoxanthine (Nakayasu, et al., 1980) and dibutyl cAMP (dbcAMP) (Sirak, 
et al., 1990). Differentiation towards granulocytes is som ewhat defective, in 
th a t most cultures consist of predom inantly metam yelocytes; these cells 
lack lactoferrin (Newburger, et al., 1979; Olsson and Olofsson, 1981), and 
lactate dehydrogenase (LDH) isoenzyme profiles differ quantitatively  from 
normal granulocytes (Pantazis, et al., 1981). The m echanism  by which the 
various inducers bring about granulocyte differentiation is unknown, bu t 
induction by most of these agents results in term inal differentiation, th a t is
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Figure 3.1. Granulocyte and monocyte/macrophage cell lineages. 
Adapted from Birnie (1988).
cells are no longer capable of proliferation. A m inim um  of 12 hours 
exposure to DMSO or retinoic acid is necessary before any differentiation 
tak es place, w ith  m axim um  differentiation usually  requ iring  constant 
exposure (Breitman, et al., 1980; Tarella, et al., 1982).
Like granulocytes, differentiation towards monocytes can be induced by a 
varie ty  of compounds such as v itam in D3 (M iyaura, et al., 1981), sodium 
butyrate  (Boyd and Metcalf, 1984), TNF (Trinchieri, et al., 1986) and IFN y 
(Ball, et al., 1984). Recently it has been shown th a t the  changes in myeloid 
cell surface antigens induced by vitam in D3 parallel the expression pa ttern  
of th ese  m olecules in  norm al m onocytes (B rackm an, et al., 1995). 
Monocytes are  precursors in  the  cell lineage and unlike differentiation 
tow ards granulocytes or m acrophages, monocytic d ifferen tiation  is not 
term inal and can be accompanied by cell proliferation (Ball, et al., 1984; 
Hemmi and Breitm an, 1987).
In contrast to granulocytic and monocytic differentiation, the  form ation of 
m acrophages is induced by significantly fewer compounds, w ith  phorbol 
esters such as 12-O-tetradecanoylphorbol- 13-acetate (TPA) being m ost 
commonly used (Rovera, et al., 1979). HL-60 cells induced to differentiate to 
macrophages are easily distinguished from monocytic cells by th e ir intense 
adherence to plastic in culture. In addition, they do not display specific 
surface antigens present on norm al and HL-60 monocytes (Ferrero, et al., 
1983; Graziano, et a l ., 1983; Todd, et al., 1981) and do not reduce NBT 
(Newburger, et al., 1981; Skubitz, et al., 1982). TPA induction of HL-60 
occurs rapidly, w ith significant differentiation to m acrophages occurring 
a fte r only 2 0  m inutes exposure (Rovera, et al., 1979). TPA induced 
differentiation occurs in the absence of cell division or DNA synthesis and is 
associated w ith a rapid loss of proliferative capacity.
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The inherent characteristics of the HL-60 cell line made it a good candidate 
for th e  fu rth e r  investigation  of p a ra lle ls  betw een a lte red  an tigen ic  
expression following T. annulata  infection and sim ilar alterations in related 
cell lineages. The ability of HL-60 to undergo differentiation to a num ber of 
different bu t related cell types allowed exam ination of the surface antigens 
of granulocytes and monocytes/macrophages for reactivity w ith monoclonal 
antibody 4H5.
3.1.1. Aims
The prim ary aim of work presented in th is chapter was to investigate if  an 
antigen recognised by monoclonal antibody 4H5 was present in uninfected 
cells of a  rela ted  cell lineage. In itially  cells of the hum an promyelocytic 
leukem ia cell line HL-60 were tested for reactivity w ith the antibody. Any 
polypeptides recognised by 4H5 in HL-60 cells would then  be characterised 
w ith  a view to fu rth er identification. Changes in gene expression are 
known to accompany differentiation. The th ird  aim of th is chapter was to 
fu rther investigate if changes in the expression of a putative 4H5 antigen in 
HL-60 was a ltered  following differentiation to a variety  of different cell 
types.
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3.2. Material and Methods
3.2.1. Cell Lines and Culture Conditions
HL-60 cells were m ain tained  in culture a t 37°C in RPMI-1640 (Gibco) 
supplem ented w ith  1 0 % h ea t inactivated  foetal calf serum , 8 m g m l“l  
streptom ycin, 8 un its  m l 'l  penicillin, 0.6 mg m l 'l  am photericin  B and 
0.05% NaHC0 3 . Cells were induced to differentiate along the  granulocyte 
pathw ay by incubation in fresh medium a t 4 x 105 cells ml~l in the presence 
of either 1.3% (v/v) DMSO or 10"7 M dbcAMP (Sigma). Differentiation along 
th e  monocytic pathw ay was achieved by incubation  w ith  phorbol 12  
m yristate-1,3-acetate (PMA, Sigma) or by incubation in 1.3% DMSO for 5 
days, followed by 3 washes w ith pre-warmed RPMI-1640 and resuspension 
in m edium  containing 20 ng m l-1 PMA in DMSO (Nguyen, et a l ., 1993). 
PMA was dissolved as a stock in  DMSO. 2 pi of stock was added to give a 
final concentration of 20 ng ml ' 1 PMA. Control cultures contained a sim ilar 
volume of DMSO.
3.2.2. Antisera
Monoclonal antibody 4H5 was as described in 2.2.4. Monoclonal antibody 
ID 11 was raised against piroplasm infected erythrocytes and was used as 
undilu ted  hybridom a su p ern a tan t (Glascodine, et a l ., 1990). The a n ti­
hum an  p2-microglobulin serum  (Sigma) was diluted 1:200 in block buffer 
(see 2 .2 .8 ).
3.2.3. NBT Reduction Test
1 ml of cell suspension was incubated for 2 0  m inutes a t 37°C w ith an  equal 
volume of 0.2% nitro blue tetrazolium  (NBT, Sigma) in PBS, and 200 ng of 
PMA, (Segal, 1974). Following incubation, 100 pi aliquots of cell suspension 
were centrifuged a t 240 g for 5 m inutes onto glass slides in a Shandon
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cytospin 2 ap p ara tu s . Cells w ere v isualised  u n d er oil a t 
m agnification, using a Leitz W etzlar SM-Lux light microscope. 
NBT positive cells were performed on a minimum of 500 cells.
x 1 0 0 0  
Scores of
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3.3. Results
3.3.1. Detection of antigen recognised by monoclonal antibody 4H5 
on HL-60 cells during differentiation towards granulocytes
W hen monoclonal antibody 4H5 was reacted against HL-60, the  m ajority of 
cells were negative but low levels of staining were observed for a significant 
num ber of cells, and a few cells showed strong reactivity (Figure 3.2.A). To 
tes t if  reactivity could be altered following differentiation, cu ltu res were 
differentiated towards granulocytes by incubation with either DMSO (1.3%) 
or 10-7 M dbcAMP, or towards macrophages by incubation w ith 20 ng m l-1 
PMA, and the  num ber of cells showing positive reactiv ity  counted. A 
su b s tan tia l a lte ra tio n  in the  reactiv ity  of 4H5 w as induced by th is  
treatm ent, the num ber of cells characterised by strong reactivity increased 
in  the  granulocyte cu ltu res (Figure 3.2.B and C). W hen m onoclonal 
antibody 4H5 was used in a surface IFA on HL-60 granulocytes, a speckled 
pattern  of reactivity was observed (Figure 3.2.E) indicating th a t the antigen 
recognised by 4H5 had a surface location. In all culture conditions tested  no 
reactiv ity  was detected on HL-60 w ith  the  p a ra s ite  specific control 
monoclonal antibody 1D11 (Figure 3.2.F).
Differentiation of HL-60 cells towards granulocytes was confirmed by NBT 
assay. TPA induces respiratory  b u rst activity in HL-60 cells induced to 
d iffe ren tia te  tow ards granulocy tes, re su ltin g  in  th e  g en e ra tio n  of 
superoxide anion and the reduction of soluble NBT to blue-black insoluble 
formazan. Before DMSO induced differentiation, HL-60 cells were negative 
for the NBT assay (Figure 3.3.A). Following DMSO induced differentiation 
to granulocytes, a large num ber of NBT positive cells were observed (Figure
3.3.B). D ifferentiation tow ards m acrophages was confirmed by observed
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F ig u re  3.2. Immunofluorescence reactivity of monoclonal antibody 4H5 on 
fixed slide preparations of; (A) the  hum an leukaem ia cell line HL-60; (B) 
HL-60 induced to d ifferen tia te  tow ards granulocyte like cells by a 
continuous 5 day exposure to 1.3% DMSO; (C) HL-60 induced  to 
differentiate towards granulocyte like cells by a continuous 5 day exposure 
to 10"7 M dbcAMP; (D) HL-60 induced to differentiate towards macrophage 
like cells by 24 hour incubation  w ith  20 ng m l-1 PMA; (E) surface 
im m unofluorescence reactiv ity  of monoclonal antibody 4H5 on DMSO 
induced HL-60 cells; (F) im m unofluorescence reactiv ity  of monoclonal 
antibody ID  11 on fixed slide preparations of DMSO induced HL-60 cells.
The magnification bar shown in A also applies to B to E. (Bar = 10 pm).

F ig u re  3.3. NBT assays of cytospin preparations of HL-60 cells; (A) HL-60 
cells; (B) HL-60 induced to differentiate towards granulocyte like cells by a 
continuous six day exposure to 1.3% DMSO. (Bar = 10 pm)

changes in cell morphology, as cells rapidly became intensely adheren t to 
the  surface of the culture flask (data not shown).
3.3.2. Restriction of the 4H5 antigen to cells of the granulocyte 
lineage
To determ ine if the antigen recognised by monoclonal antibody 4H5 in HL- 
60 w as restric ted  to granulocytes, cells w ere induced to d ifferen tiate  
tow ards macrophages using 20 ng/ml PMA. Comparison of IFA reactivity 
on these  cells (Figure 3.2.D) w ith DMSO induced granulocytes (Figure
3.2.B) showed th a t elevated reactivity of 4H5 was not observed in PMA 
induced  cu ltu res . To exam ine w h e th er th e  e levated  reac tiv ity  of 
g ranulocytes could be reversed  by inducing  d ifferen tia tion  tow ards 
m acrophage like cells, the percentage of 4H5 positive cells was assessed 
daily during continuous exposure of HL-60 cells to 1.3% DMSO for 5 days, 
followed by replacem ent of DMSO w ith  PMA for 3 days. The profile of 
reactivity was compared to a control and to cultures incubated continuously 
in DMSO or PMA. The resu lts  represen ted  by Figure 3.4. show th a t 
continuous exposure to DMSO induced a rise in the num ber of cells showing 
positive fluorescence, while cells continuously exposed to PMA, which were 
morphologically identified as macrophages, had  levels of reactivity  sim ilar 
to control cultures. Replacement of DMSO w ith PMA on day 5 resulted  in 
the  rap id  loss of expression of the  4H5 an tigen  and appearance  of 
macrophage type cells w ithin 24 hours. By day 8 the proportion of positive 
cells in these cultures had fallen to 0.4 %. Thus, it appears th a t detection of 
the  4H5 an tigen  a t elevated levels is re s tric ted  to cells induced to 
differentiate towards granulocytes.
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Figure 3.4. P a tte rn  of fluorescent reactiv ity  shown by HL-60 w ith  
monoclonal antibody 4H5 over an  8 day period under a variety  of conditions. 
The percentage of cells showing intense reactivity w ith the  antibody were 
recorded as follows; (1) control cultures containing 2 x 10_3% DMSO; (2) 
induction of differentiation tow ards granulocytes by continuous exposure to 
1.3% DMSO; (3) induction of differentiation tow ards m acrophages by 
continuous exposure to 20 ng m l-1 PMA; (4) induction of differentiation 
tow ards granulocytes for 5 days followed by the  rem oval of DMSO and 
d ifferentiation  tow ards m acrophages by incubation w ith  PMA, tim e of 
replacem ent is indicated w ith  an arrow.
0 1 2 3 4 5 6 7 8  
Days in culture
o —  (1) control culture
  (2) granulocyte culture
  (3) macrophage culture
■*----- (4) granulocyte/macrophage culture
3.3.3. Identification of gl60 in HL-60 by immunoblotting
Previously, monoclonal antibody 4H5 w as shown to detect a 125 kDa 
antigen  in T. annula ta  infected cells by im m unoblotting and periodate 
trea tm en t under non-reducing conditions (See 2.3.2.). To characterise the 
4H5 antigen a t the molecular level in HL-60, NP-40 extracts were prepared 
from normal HL-60 cells and cells induced to differentiate into granulocytes 
by a five day incubation in 1.3% DMSO. In order to obtain specific detection 
of the  antigen  by im m unoblotting, electrophoresis had  to be perform ed 
under non-reducing conditions and the W estern blots trea ted  w ith periodate 
(See 2.2.8. and 2.2.9.). This protocol identified  a m olecule w ith  an 
approxim ate molecular m ass of 160 kDa in both norm al HL-60 cells (Figure 
3.5. lane 1) and DMSO induced granulocytes (Figure 3.5. lane 2), w ith the 
granulocyte extract showing a greater level of band intensity. Normal SDS- 
PAGE conditions failed to specifically detect any antigen  in HL-60 cells 
(Figure 3.5. lanes 3 to 4). In contrast to Theileria infected cells (Figure 3.6. 
lanes 1 and 3) detection of the g l60  kDa polypeptide under non reducing 
conditions was found to be totally dependant on periodation, as detection of 
the  g l60  kDa antigen was only observed following periodate trea tm en t 
(Figure 3.6. lanes 2 and 4).
In a second experiment, NP-40 extracts were m ade at daily in tervals over a 
5 day period following th e  add ition  of DMSO, and  an a ly sed  by 
imm unoblotting. This experim ent showed th a t the  level of the  g l60  kDa 
antigen increased as the tim e course of differentiation progressed (Figure 
3.7.A). Analysis of the same sam ples w ith an tiserum  raised  against p2- 
microglobulin showed constitutive levels of th is polypeptide throughout the 
tim e course (Figure 3.7.B). This re su lt ind icated  th a t  th e  observed 
elevation of the gl60  kDa antigen was due to an  increase in production 
associated w ith the differentiation process.
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Figure 3.5. Analysis of HL-60 NP-40 extracts on immunoblots probed with 
monoclonal antibody 4H5 following non-denaturing and normal SDS-PAGE 
conditions, and periodate treatm ent.
Lane 1; HL-60
Lane 2; HL-60 induced to differentiate towards granulocytes by a 5 day 
continuous exposure to 1.3% DMSO
Lanes 3 and 4; as lanes 1 and 2 immunoblotted under normal SDS-PAGE 
conditions.
Figure 3.6. A nalysis of HL-60 extracts on im m unoblots probed w ith 
monoclonal antibody 4H5 following non-denaturing SDS-PAGE. NP-40 cell 
extracts were m ade from HL-60 granulocytes induced to differentiate by a 5 
day incubation w ith  1.3% DMSO and imm unoblotted w ith and w ithout 
periodate treatm ent.
Lane 1; TaHBL20, positive control
Lane 2; HL-60 granulocytes
Lane 3; TaHBL20, trea ted  w ith periodate
Lane 4; HL-60 granulocytes, treated  with periodate
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Figure 3.7. Analysis of HL-60 extracts on immunoblots during a 5 day 
DMSO induced differentiation tim e course. NP-40 extracts were m ade 
every day for 5 days from HL-60 cells incubated in the presence of 1.3% 
DMSO and immunoblotted using; (A) monoclonal antibody 4H5 or (B) an ti­
hum an  p2 -microglobulin antibody. Lanes 0 to 5 refer to the day on which 
each extract was made.
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3.4. Discussion
Infection and im m ortalisation of bovine leukocytes by T. annulata  is known 
to be associated w ith a num ber of molecular and phenotypic a ltera tions to 
the  host cell (see 1.7.). As changes to gene expression re su lt  from 
im m ortalisation and differentiation of eukaryotic cells in general, it  was 
investigated  w hether a ltera tions associated w ith  T. annu la ta  infection 
could be observed in uninfected cells of a related lineage.
The resu lts showed th a t monoclonal antibody 4H5 detected an  an tigen  in 
HL-60 cells, the  reactiv ity  of which was increased following DMSO or 
dbcAMP induced differentiation towards granulocytes (Figure 3.2.). This 
increase  in  reactiv ity  w as specific to cells undergoing  granu locy te  
formation, as no sim ilar increase in reactivity was observed on cells induced 
towards macrophage differentiation. Confirmation of the lineage specificity 
of th is molecule was provided when it was found th a t high level reactivity of 
the antibody was rapidly down-regulated by the replacem ent of DMSO with 
PMA, and which coincided w ith conversion of granulocytes to m acrophages 
(F igure 3.4.). S im ilar re su lts  have been observed prev iously , as 
sim ultaneous trea tm e n t w ith  both inducers resu lted  in m acrophage 
differentiation and, following replacem ent of DMSO by PMA, cells were 
found to sw itch  from g ranu locy te  to m acrophage d iffe ren tia tio n  
(Liebermann, et al., 1981). Nguyen, et al. (1993) showed th a t the  zinc finger 
transcription factor, Egr-1, was essential for and restricted differentiation of 
HL-60 cells tow ards m acrophages. DMSO induced HL-60 cells did not 
express E g r-1 , however rem oval of DMSO afte r 5 days, followed by 
replacem ent w ith PMA resu lted  in m acrophage d ifferentiation  and  the 
transcriptional activation of Egr-1 w ithin 1 hour of replacement. It is likely 
th a t, in  addition to the  rap id  induction of m acrophage specific genes
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following PMA stim ula tion  of granulocytes, rap id  down regu la tion  of 
granulocyte specific genes also accompanies th is change. However, it is not 
yet known w hether Erg-1 is directly responsible for th is down regulation.
Im m unoblotting analysis determ ined th a t  the  m olecular m ass of the  
molecule recognised by 4H5 in HL-60 was approxim ately 160 kD a (Figure
3.5.). The g l60  kDa polypeptide is probably a glycoprotein, as IFA w ith 
viable cells showed th a t the  molecule is located on the  surface of both 
parasite  infected and HL-60 cells (Figure 2.1. and 3.2.). In  agreem ent w ith 
the  findings from T. annula ta  infected cells, recognition by monoclonal 
antibody 4H5 was sensitive to physical disruption by both denaturation  and 
periodate treatm ent. Detection of TaHBL20/125 in T. annulata  infected cell 
ex tracts was possible w ithout periodate trea tm en t, although periodation 
resulted in an quantitative increase in the level of polypeptide detected (see
2.3.2. and Figure 3.6.). In contrast, detection of the g l60  kDa antigen on 
im m unoblots of HL-60 was totally  dependant on prior trea tm e n t w ith 
periodate (Figure 3.6.). As the HL-60 antigen was detectable by IFA under 
norm al circumstances, it would seem to suggest th a t insertion into the cell 
m em brane m ight bring about a conformational a ltera tion  to the g l60  kDa 
molecule, allowing recognition by 4H5 w ithou t the  req u irem en t for 
periodation. Periodate oxidation of the native molecule on im m unoblots 
would sim ilarly  appear to bring about s tru c tu ra l m odifications which 
facilitate antibody recognition. Im munoprecipitation experim ents provided 
indirect evidence to support th is theory, in th a t despite num erous attem pts, 
the g l60  kDa molecule could not be reproducibly im m unoprecipitated from 
HL-60 cell extracts (data not shown). Detergents in the extracts could have 
altered  the conformation of the  antigen resu lting  in the  failu re  of the  
anybody to recognise the  g l6 0  kD a an tigen . T herefore, a lthough  
recognition by monoclonal antibody 4H5 of an tigens in both T heileria
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infected and HL-60 cells is sensitive to trea tm en ts which affect struc tu ra l 
in tegrity , identification of the g l60  kDa antigen in HL-60 appears to be 
more susceptible to this effect.
IFA studies showed th a t differentiation of HL-60 cells was associated w ith 
increased  reactiv ity  w ith  monoclonal antibody 4H5. This re su lt w as 
confirm ed by im m unoblotting, w here progression tow ards granulocyte 
d ifferentiation was associated w ith a quan tita tive  increase in the  band 
in tensity  of the g l60  kDa polypeptide relative to the band representing  p2- 
m icroglobulin (Figure 3.7). A lthough th is  increase could reflect post 
tran s la tio n a l changes to the  molecule following differentiation, a more 
likely explanation is th a t levels of the g l60  kDa antigen are up-regulated 
during differentiation.
In T. annulata  infected cell lines the molecule recognised by the monoclonal 
antibody 4H5 was found to be 125 kDa. The difference in m ass of the  
an tigens recognised by 4H5 betw een TaHBL20 and HL-60 cells could 
indicate th a t the monoclonal antibody is cross reacting w ith a conserved 
epitope on un re la ted  polypeptides. However, the  an tigen  detected  by 
monoclonal antibody 4H5 is known to have a variable m olecular m ass on 
different T. annulata  infected cell lines, probably as resu lt of differential 
glycosylation (see 2.4.), and  differential glycosylation has been  well 
docum ented for surface molecules on cells of hem atopoietic lineage, 
including HL-60 (Carlsson and Fukuda, 1986a; Carlsson, et a l., 1986b).
The extensive lite ra tu re  published on HL-60 was examined for an  antigen 
w hich displays sim ilarities to the  g l60  kDa polypeptide detected  by 
monoclonal antibody 4H5. Antibodies directed against the  CD6 6  c luster of 
differentiation antigens recognise a m em brane bound polypeptide on the
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surface of hum an granulocytes w ith a relative molecular m ass of 160 kD a 
(Stoffel, et al., 1993). This antigen is a product of the biliary glycoprotein- 1 
gene (BGP-1) and belongs to the CEA gene family. CD6 6  is expressed on 
m atu re  neutrophils, some bone m arrow  progenitor cells and the b ru sh  
border of colonic epithelium  (W att, et al., 1991). W hen transfected  into 
Chinese ham ster ovary cells, CD6 6  has been shown to m ediate homotypic 
adhesion (Watt, et al., 1993). In the preceding chapter members of the CEA 
gene fam ily were discussed as possible candidates for the  iden tity  of 
TaHBL20/125. M em bers of the  CEA are  difficult to charac terise  as 
monoclonal antibodies tend to cross react w ith other members of the family. 
Therefore, monoclonal antibody 4H5 m ay recognise conserved epitopes on 
related molecules in T. annulata  infected cells and HL-60 cells.
The identity  of the antigen recognised by monoclonal antibody 4H5 in both 
Theileria infected and HL-60 cells is unknown. It is also unknown w hether 
the two antigens are directly related or w hether they represen t different 
molecules w ith shared epitopes for the antibody. Confirming the identity  of 
each antigen by cloning the respective genes could provide inform ation on 
the possible role of the  molecule following infection by the  p a rasite  or 
during differentiation tow ards granulocytes. In  addition, it would also 
allow studies to investigate and compare the mechanisms which control up- 
regulation of host cell gene expression by the  parasite  and up-regulation of 
HL-60 antigens during differentiation towards granulocytes.
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C hapter 4
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S tu d ies on d ifferen tia tion  in  HL-60
4.1. Introduction
The preceding chapter described how monoclonal antibody 4H5 recognised a 
160 kDa antigen in the HL-60 cell line. The g l60  kDa antigen was found to 
be lineage specific, as significant increase in expression occurred following 
the induction of differentiation towards granulocytes but not macrophages. 
Recognition of the  g l60  kDa antigen by monoclonal antibody 4H5 could 
therefore be used to extend previous investigations into the  para lle ls 
between differentiation in Theileria (see 1.8.) and higher eukaryotic cells.
Despite the  use of HL-60 cells as a widely studied model of hum an myeloid 
differentiation, the  m olecular m echanism s underly ing  these  processes 
rem ain largely unknown. Studies on the differentiation of myeloid cells 
have shown th a t  a large num ber of im m ediate early  response genes, 
activated in the  absence of de novo protein synthesis, occur following the 
induction of differentiation (Lord, et al., 1990). Examples include transien t 
induction of ICAM-1 (Lord, et al., 1990), a ltera tions in  the  expression of 
various proto-oncogenes (Antoun, et al., 1991; Boise, et al., 1992a; Collins, 
1987; Holt, et al., 1988; Lord, et al., 1990; Wu, et al., 1990) and transcription 
factors (Mollinedo, et al., 1993; Nguyen, et al., 1993; Sokoloski, et al., 1993) 
and the increased expression of histone genes (Lord, et al., 1990). Some of 
these imm ediate early genes have been found to be restricted to a particular 
lineage, while the expression of others seems to be inducer specific. In most 
cases, the  precise role th a t these early a ltera tions play in the  process of 
differentiation is unclear.
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The tran sd u c tio n  of specific k inase  signalling  pa thw ays have  been 
im plicated in the  m echanism  of m acrophage d ifferentiation, as TPA is 
known to be an activator of protein kinase C which acts im m ediately up 
stream  of the cytoplasmic Raf-1 serine/threonine protein kinase (Katagiri, et 
al., 1994; Kharbanda, et al., 1994; M atikainen and Hurm e, 1994; Pilz, et al., 
1994). A num ber of macrophage specific transcrip tion  factors have been 
iso lated  w hich could be im portan t in  the  de te rm ina tion  of th e  HL- 
60 /m acrophage  d iffe re n tia tio n  s tep . F o r exam ple , a n ti-se n se  
oligonucleotides directed against the Egr-1 transcrip tion  factor have the 
ability  to block m acrophage differentiation in response to PMA, while 
constitutive expression of an egr-1 transgene in undifferentiated HL-60 cells 
blocks DMSO induced granulocytic differentiation, but not the form ation of 
macrophages (Nguyen, et al., 1993). Mollinedo, et al. (1993) suggested th a t 
qua lita tive  and  qu an tita tiv e  differences in  the  expression of ano ther 
tran sc rip tio n  factor, AP-1, m ay be im portan t in th e  reg u la tio n  and 
restriction of monocyte/macrophage and granulocytic differentiation. The 
com m itm ent stage  of m acrophage d ifferen tia tion  w as found to be 
associated w ith an  increase in the mRNA levels of ju n  B and c-fos, and 
correlated  to an increase in AP-1 activ ity  (Mollinedo, et al., 1993). 
D ifferentiation along the granulocyte pathw ay however, did not resu lt in 
changes in c-fos or c-jun expression, but was associated w ith an  increase in 
the level of Ju n  B and Ju n  D proteins. The activity of AP-1 either decreased 
or rem ained unchanged during granulocytic differentiation. In the absence 
of c-Fos, J u n  B and  J u n  D b ind  to DNA very  poorly. A 
q u an tita tiv e /q u a lita tiv e  model of controlling lineage specificity  w as 
suggested, where increases in the levels of these two proteins could serve to 
'squelch' the  form ation of c-Fos/c-Jun heterodim ers during granulocytic 
differentiation.
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Much work on HL-60 has been directed tow ards the  role of various 
oncogenes during growth a rre s t and differentiation. For exam ple, the 
expression of the c-fins oncogene has been found to be specifically associated 
w ith the formation of macrophages, as inhibition of th is gene by anti-sense 
o ligonucleo tides s ig n ifican tly  in h ib its  in d u c tio n  of m acrophage  
differentiation (Wu, et al., 1990).
Down regulation of some oncogenes has also been found in  response to 
differentiation. DMSO induced differentiation of HL-60 is characterised by 
a rap id  reduction in the  levels of c-m yc  mRNA (Shim a, et al., 1989; 
Siebenlist, et al., 1988; Van Roozendaal, et al., 1990). Experim ents using 
anti-sense RNA or oligonucleotides have shown th a t  inhibition of c-myc 
transla tion  resu lts in a decrease in the growth ra te  of HL-60 cells and the 
expression differentiation m arkers (Bacon and Wickstrom, 1991; Holt, et al., 
1988; Yokoyama and Imamoto, 1987). However, w hen HL-60 cells are 
grown in serum -starved  conditions and  become non-pro liferating , no 
reduction of c-myc steady sta te  RNA levels are detected (Filmus and Buick, 
1985). This suggests th a t other mechanism s are more directly involved in 
the control of proliferation in HL-60 per sc, and th a t the observed reduction 
in c-myc expression subsequent to differentiation induction could be directly 
related to the  control of proliferation during th is differentiation process, 
ra ther than  to a cell cycle-related phenomenon. There is also evidence th a t 
the rapid down regulation of c-myc in response to DMSO is not necessarily 
an obligatory step associated w ith  granulocytic differentiation. W hen 
actinomycin D and novobiocin are used, no rap id  decrease in c-m yc  is 
observed (Stocker, et al., 1995). Similarly, when cells are induced towards 
granulocytes by retinoic acid, a more gradual decrease in c-myc takes place 
(Van Roozendaal, et al., 1990).
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A sim ilar rapid down regulation of the c-myb oncogene is observed following 
the  induction of differentiation, however re-expression subsequently takes 
place 6-24 hours la te r. Like c-m yc  th e  m echanism  by w hich down 
regulation of c-myb is brought about has been shown to be agent specific 
(Boise, et al., 1992b). Thus, as suggested by Van Roozendaal, et al. (1990), 
th e re  is evidence th a t  some of the  im m edia te  early  responses to 
differentiation m ay be agent specific, indicating th a t m ultiple pathw ays 
may be operating prior to the a ttainm ent of term inal differentiation.
The im m ediate early associated gene, mda-6 is found to be induced during 
d iffe ren tia tio n  of HL-60 cells a long bo th  th e  g ran u lo cy te  and  
monocytic/macrophage pathw ay (Jiang, et al., 1994). M da-6  encodes a 21 
kDa nuclear protein (p21) inhibitor of cyclin dependant k inase activity 
which has been proposed as having a more global role in the  control of 
growth and differentiation. Moreover, a TPA res is tan t HL-60 cell line 
displayed a diminished response to the induction of mda-6, and structurally  
diverse inducers of d ifferen tiation  were all able to b ring  about the  
expression of p21. However, more recen t experim ents dem onstra ted  
induction of p21  following monocyte/macrophage differentiation bu t did not 
d e m o n s tra te  a s im ila r  in d u ctio n  of p 2 1  follow ing g ran u lo cy tic  
differentiation (Schwaller, et al., 1995).
The findings described above would seem to suggest th a t a lterations in the 
expression of individual genes induced early on in differentiation m ay not 
be central to the differentiation process, as changes in th e ir expression do 
not always correlate with differentiation or w ith a specific cell lineage. It is 
possible, therefore, th a t some of these im m ediate early  changes in gene 
expression could be a result of more global changes to the regulation of gene
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expression  w hich lead  to specific a lte ra tio n s  assoc ia ted  w ith  th e  
differentiation event.
The m olecular m echanism  by which DMSO exerts its  effect and induces 
differentiation to granulocytes is unknown. A num ber of potential sites of 
action have been proposed, including suggestions th a t the  cell m em brane 
could be involved (Friend, et al., 1971; Lyman, et al., 1976). For example, 
exposure to DMSO was found to decrease the  affinity of both insulin  and 
granulocyte/m acrophage colony stim u la ting  factor for th e ir  respective 
receptors (Schwartz, et al., 1993). There is also evidence th a t DMSO could 
have a general effect on m em brane components, as incubation w ith DMSO 
has been shown to increase protein kinase C (PKC) activity in  HL-60 cells 
(Durkin, et al., 1992). However, as m em brane activity of PKC only reaches 
a peak 10-20 m inutes after the addition of DMSO, and DMSO does not 
stim ulate inactive PKC when added to m em branes from uninduced cells, it 
would seem unlikely th a t  the  increase in activity  is a re su lt of direct 
in teraction  and activation of m em brane PKC (D urkin, et al., 1992). In 
addition, the high concentrations and prolonged exposure tim es required to 
facilitate differentiation suggests th a t DMSO acts by a  general mechanism, 
ra th e r  th an  by the activation of a specific signal transduction  pathw ay 
(Breitm an, et al., 1980; Schwartz, et al., 1993; Tarella, et al., 1982). This 
possibility is supported further by the observation th a t DMSO is capable of 
inducing term inal d ifferentiation in a num ber of o ther leukem ic and 
transform ed cell lines, implying interaction w ith a broad range of cellular 
molecules w ith low specificity (Friend, et al., 1971; H uberm an, et al., 1979; 
Kimhi, et al., 1976; M iranda, et al., 1978).
Like some protozoan parasites and other eukaryotic cells (see 1.8.), studies 
have shown th a t differentiation of HL-60 to granulocytes is asynchronous
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and stochastic, i.e. th a t differentiation occurs random ly w ith  a predicted 
probability linked to culture conditions, is associated w ith a reduction in 
cell division (Boyd and Metcalf, 1984; Laskin, et a l., 1991; Tarella, et a l., 
1982) and involves in itial reversible events which lead to a com m itm ent 
point (Tarella, et al., 1982). A stoichiom etric model based on sim ilar 
observations in  T. annu la ta  has been proposed for d ifferen tia tion  to 
merozoites (see 1.8.). In  this model it was postulated th a t com m itm ent to 
differentiation was brought about by the build up of factors which regulate 
gene expression to a particular concentration threshold (Shiels, et al., 1994). 
It was also proposed, from a comparison w ith the general cellular events of 
d ifferen tiation  in  h igher eukaryotic cells, th a t  the  basic m olecu lar 
mechanisms controlling differentiation were sim ilar. Therefore, it w as of 
in te rest to directly investigate  parallels betw een differentiation  in  the  
parasite and HL-60 cells, using reactivity of monoclonal antibody in HL-60 
as a sensitive m arker of granulocytic differentiation.
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4.1.1. A im s
The specific aim of the work presented in  th is chapter was firstly, to use 
monoclonal antibody 4H5 reactiv ity  against the  g l60  kDa an tigen  as a 
m arker to investigate the induction of th is molecule during the  course of 
DMSO induced granulocytic differentiation in HL-60 cells. Secondly, in 
com parison w ith  d ifferen tiation  to the  m erozoite in  T. a n n u la ta , to 
determ ine if a reversible phase was associated w ith the  expression of th is 
an tigen  early  on in  differentiation. Thirdly, based on knowledge th a t 
differentiation is often associated with a reduction in proliferative potential, 
and on the resu lts of curren t research on the  m odulation of T. annulata  
d ifferentiation  by inhibition of DNA or p ro tein  synthesis, to te s t the  
possibility th a t  a ltered  grow th conditions and  cell proliferation/D N A  
synthesis could affect expression of the gl60  kDa antigen.
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4.2 M aterials and M ethods
4.2.1. Cell lines and culture conditions
HL-60 were m ain tained  and induced to granulocytic d ifferentiation  as 
described previously (3.2.1.). Aphidicolin was dissolved as a stock in  
DMSO, 3 jllI of stock was added to cells resuspended a t 4 x 105 cells m l-1 in 
10 ml of fresh medium to give a final concentration of 1.5 |ig m l'1. Control 
cultures w ithout aphidicolin contained a sim ilar volume of DMSO.
4.2.3. Measurement of DNA synthesis
The ra te  of DNA syn thesis was m easured  by incorporation  of [3H] 
thym idine into cells following culture in the presence or absence of DMSO 
or aphidicolin. Cells were resuspended a t 4 x 105 cells m l-1 in  norm al 
m edium  containing 6  jiCi m l-1 of [3H] thym idine. Six wells of a Linbro 
multiwell, plate containing 1 ml of resuspended cells, were set up for each 
tim e point and the  p lates incubated a t 37°C for 5 hours. Following 
labelling, cells were w ashed th ree  tim es w ith  PBS and th e  reaction  
term inated  by the addition of 500 pi of 1 1 % TCA. The precip ita te  was 
collected onto microglass fibre filters, washed w ith 5% TCA, 100% ethanol 
and  acetone, and  counted on a Packard  1600 TR liquid sc in tilla tion  
analyser. DNA synthesis was expressed as the m ean counts per m inute 
(cpm) per 4 x 105 cells of the six wells for each tim e point.
4.2.2. Measurement of protein synthesis
The ra te  of protein synthesis w as m easured  by incorporation of [35S] 
methionine into TCA insoluble m aterial. 10 ml cultures were established in 
the presence or absence of DMSO or aphidicolin, and cultured as described 
previously (see 3.2.1.). At appropriate tim e points sam ples were taken  and 
the cells resuspended a t 4 x 105 cells m l-1 in methionine free medium in the
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presence of 14 pCi ml-1 [35S] m ethionine and 1.3% DMSO. Six wells of a 
m ultiwell plate, containing 1 ml of resuspended cells, were set up for each 
time point and the plates incubated a t 37°C for 5 hours. Cells were washed 
three tim es w ith PBS and lysed by the addition of 100 pi of NET buffer (100 
mM Tris. HC1, pH 8.0, 0.5% NP-40, 1 mM EDTA), followed by repeated  
freeze thaw ing on dry ice. E xtracts were centrifuged a t 15 800 g for 15 
m inutes to remove cell debris and a 10  pi aliquot precipitated using 100  pi 
of 11% TCA for 30 m inutes. The p rec ip ita te  was th en  collected onto 
microglass fibre filters, washed w ith 1 1 % TCA, 1 0 0 % ethanol and acetone 
and scin tilla tion  counted as described above. P ro te in  syn thesis was 
expressed as the  m ean cpm per 4 x 105 cells of the  six wells for each tim e 
point.
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4.3 R esu lts
4.3.1. Kinetics of 4H5 reactivity during differentiation towards 
granulocytes
In  HL-60, expression of the  g l60  kDa molecule recognised by monoclonal 
antibody 4H5 was elevated following differentiation towards granulocytes. 
By using 4H5 reactivity as a  m arker, a closer exam ination of the process of 
d ifferen tiation  was undertaken . Expression of th e  4H5 epitope was 
analysed quantitatively by grading reactivity w ith the antibody as positive, 
showing intense fluorescence; plus-minus, showing in term ediate reactivity; 
or negative, showing no reactivity (as indicated in Figure 4.4.B).
The m ajority of HL-60 cells (62 to 92%) showed no detectable reactivity  
under norm al culture conditions (Figure 4.1.B). Following the addition of 
DMSO, the level of reactivity was clearly altered (Figure 4.1.A). After 24 
hours there was a cumulative increase in the num ber of plus-m inus cells. 
This increase continued until day 3, when 8 6 % of the cells were of th is type 
A reduction in the percentage of negative cells was concomitant w ith the 
increase in plus-m inus cells, w ith a cross over occurring between the two 
cell types a t day 2. Between day 3 and day 6 , there  was a reduction in the 
num ber of cells with plus-minus reactivity and a significant increase in the 
positive cell population to a peak of 58% a day 6 . These two cell populations 
crossed over a t day 5. The negative cell population continued to decline 
until day 3, where there was a small increase in  num bers, probably as a 
result of the proliferation of undifferentiated cells in the culture.
In  control cultures containing no DMSO, the populations of negative and 
plus-m inus cells showed sm all varia tions th roughou t the  tim e course 
(Figure 4.1.B). Generally, negative cells were found to slightly increase
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Figure 4.1. P a tte rn  of reactivity of HL-60 cells w ith monoclonal antibody 
4H5 by immunofluorescence during; (A) 6 days of continuous exposure to 
1.3% DMSO and (B) a control culture without DMSO. Three cell types were 
recorded; (1) intensely fluorescent positive cells; (2 ) weakly reactive plus- 
m inus cells and (3) non reactive negative cells.
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and  plus-m inus cells were found to slightly  decrease. These two cell 
populations appeared to have an inverse relationship to each other, and th is 
was also seen in subsequent experiments. The percentage of positive cells 
in  the control culture rem ained a t a low level throughout the experiment.
A sim ilar experim ent determ ined th a t the kinetics of 4H5 reactivity on HL- 
60 cells incubated in DMSO correlated w ith granulocyte formation. Cells 
were assessed a t daily in tervals un til day 6  for both 4H5 reactiv ity  and 
NBT reduction. An increasing proportion of term inally  differentiated cells 
w as observed up to day 5, w here the  percentage of 4H5 positive cells 
reached a peak of 6 8 % (Figure 4.5.C) and the percentage of NBT positive 
cells reached a peak of 83%. Thus, the increase in NBT positive cells up to 
day 5 (Figure 4.6.) was, in general, parallel to the increase in  the num ber of 
cells showing positive reactivity with 4H5. This resu lt verified th a t positive 
reactiv ity  w ith  4H5 correlated w ith differentiation to granulocytes. In  
ad d itio n , th ese  re s u lts  also in d ica ted  th a t  a sm all n u m b er of 
undifferentiated  cells were present in the  culture even after five days of 
continuous exposure to DMSO.
4.3.2. Reversible expression of the gl60 kDa antigen on HL-60
Differentiation has been shown to involve an in term ediate reversible phase 
prior to commitment in both parasites, including Theileria , and in  h igher 
eukaryotes, including HL-60 (see 1.8.). From  the  cross over k inetics 
observed between the three cell populations, it was possible to conclude th a t 
DMSO induced granulocyte differentiation occurred via an  in term ediate  
stage, and th a t progression through th is  stage w as associated w ith  a 
quantitative increase in level of the antigen detected by monoclonal 4H5.
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To investigate w hether expression of the  4H5 an tigen  correlated  w ith  
commitment to differentiation, cells were incubated w ith 1.3% DMSO for 18 
hours, washed and resuspended in DMSO free medium for the rem ainder of 
the incubation period. The cultures were assessed for monoclonal antibody 
4H5 reactivity every day for 5 days and cells scored as positive, plus-m inus 
or negative (Figure 4.2.A). Incubation of cells w ith  DMSO for 18 hours 
resulted in an in itial increase in  the percentage of plus-m inus cells to a 
peak of 53% a t day 2. The increase was then  followed by a steady decline of 
th is population un til day 5, where the  num ber of plus-m inus cells was 
approximately the sam e as estim ated a t day 0. The p a tte rn  observed for 
the plus-minus population was found to be inversely related to the negative 
population, as the num ber of negative cells initially declined to a trough of 
41% a t day 2 , bu t was followed by a steady recovery until the  num bers a t 
day 5 were approxim ately equal to those estim ated a t day 0. This inverse 
relationship was m anifest as biphasic kinetics where ju s t prior to day 2 , a 
cross over occurred between the plus-m inus and negative cell populations 
which crossed back approxim ately 24 hours la ter. In  con trast to the  
biphasic kinetics observed for the negative and plus-m inus populations, the 
numbers of positive cells rem ained more or less constant throughout the 5 
day period, although generally the  num bers were slightly elevated when 
compared to the control (Figure 4.2.B).
The proportions of the three cell types during shorter and longer exposures 
to DMSO was also investigated by a second set of DMSO pulse experiments. 
HL-60 cells were induced for varying lengths of tim e from 6 to 96 hours, 
after which time cells were washed and resuspended in DMSO free medium 
for the rem ainder of the  experim ent. The cultu res were assessed  for 
monoclonal antibody 4H5 reactivity every day for 5 days and cells scored as 
positive, plus-minus or negative (Figures 4.3.1. and 4.3.2.). Incubation times
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F ig u re  4.2. P a tte rn  of reactivity of HL-60 cells w ith monoclonal antibody 
4H5 by im m unofluorescence over a 5 day period following; (A) 18 hour 
incubation w ith 1.3% DMSO. After 18 hours the cells were w ashed and 
incubated in norm al m edium  for the rem ainder of the  experim ent; (B) 
control cultures containing no DMSO. Three cell types were recorded; (1) 
intensely fluorescent positive cells; (2 ) weakly reactive plus-m inus cells and 
(3) non reactive negative cells.
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Figure 4.3.1. Immunofluorescence reactivity of monoclonal antibody 4H5 
on fixed slide preparations of HL-60 cell incubated w ith 1.3% DMSO for; (A) 
6  hours; (B) 18 hours and (C) control cultures containing no DMSO. After 
incubation in  DMSO the  cells were w ashed and incubated in  norm al 
m edium  for the  rem ainder of the  experim ent. Three cell types were 
recorded; (1 ) intensely fluorescent positive cells; (2 ) weakly reactive plus- 
m inus cells and (3) non reactive negative cells.
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F ig u re  4.3.2. Immunofluorescence reactivity of monoclonal antibody 4H5 
on fixed slide preparations of HL-60 cells incubated w ith 1.3% DMSO for; 
(D) 24 hours; (E) 36 hours; (F) 72 and (G) 96 hours. A fter incubation in 
DMSO the cells were w ashed and incubated in norm al m edium  for the  
rem ainder of the experiment. Three cell types were recorded; (1) intensely 
fluorescent positive cells; (2) weakly reactive plus-m inus cells and (3) non 
reactive negative cells.
(D) (E)
1 0 0  -i 100  -1
8 0 - 8 0 -
-□ 6 0 -
4 0 - 4 0 -
2 0 - 2 0 -
1
50 1 2 3 4 0 1 32 4 5
Days in culture
(F) (G)
1 0 0 -i1 0 0  -i
8 0 -8 0 -
6 0 -
S 4 0 - 4 0 -
20 - 20 -
1
50 1 2 0 1 33 4 2 4 5
Days in culture
(1) positive
(2) plus-minus
(3) negative
below 24 hours produced unexpected varia tions in the  th ree  cells types. 
F u rtherm ore , th e  control cu lture  displayed large fluc tuations in  the  
populations of negative and plus m inus cells a fter day 3 (Figure 4.3.l.C), 
w hereas in previous experim ents only relatively sm all variations had been 
observed (Figures 4.1.B and 4.2.B). A 6  hour incubation w ith  DMSO was 
not expected to have much effect on the differentiation of HL-60, however, 
in addition to the  large fluctuations observed in  the  negative and plus- 
m inus populations, there was an increase in the num bers of positive cells a t 
day 4 (Figure 4.3.1.A). Similarly, the pa ttern  of expression observed a t 18 
hours incubation (Figure 4.3.l.B) was not consistent w ith  previous resu lts 
(4.2.A).
Incubation tim es of 24 hours or longer tended to follow the  p a tte rn  of 
exp ression  p red ic ted  from  prev ious ex p erim en ts . In d u c tio n  of 
differentiation w ith DMSO for 24 hours resulted in an in itial increase in the 
percentage of plus-m inus cells to a peak of 6 8 % a t day 1 , followed by a more 
gradual decline thereafter (Figure 4.3.2.D). This decline was associated 
w ith an increase in the percentage of positive cells to a peak of 39% a t day 3 
to 4 and a steady decrease in the percentage of negative cells to day 4. 
Significantly, th e re  was no cross back due to increasing  negative and 
declining plus-minus populations, sim ilar to th a t observed w ith the 18 hour 
DMSO incubation represented by Figure 4.2.A. Between day 1 and day 2, 
the declining negative and elevating positive cell populations cross over, 
however the cross over of decreasing plus-minus and increasing positive cell 
populations as observed in cultures exposed to DMSO for longer periods 
(Figure 4.3.2. E, F  and G) of tim e did not occur. At day 5 there  was an 
increase in the num bers of negative cells and a decrease in  the  num bers of 
positive cells. This was probably a resu lt of proliferation of undifferentiated 
cells in the culture as previously described by Tarella, et al. (1982).
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Induction of d ifferentiation for longer periods in DMSO, 36 to 96 hours 
(Figure 4.3.2.E, F and G), resulted in sim ilar pa tterns of expression for the 
th ree  cell types and w as consistent w ith  p a tte rn s  obtained following 
continuous exposure (Figures 4.5.C and 4.1.A). Incubation of cells w ith 
DMSO for 36 hours resulted  in a sm aller percentage of positive cells (77%) 
compared to cells incubated for 72 and 96 hours (96%). This indicated tha t, 
generally, the  longer incubation tim es resu lted  in  g rea te r num bers of 
positive cells, bu t only up to a threshold of 72 hours. A fter th is point 
fu rther incubation in the  inducer had no effect on the  peak num ber of 
positive cells as commitment to differentiation had presum ably reached the 
maximum. At day 5 following incubation in DMSO for 36 hours an increase 
in  the percentage of negative and plus cell types and a decline in  the 
percentage of positive cells was seen Figure 4.3.2.E.). This was probably 
the  resu lt of the  proliferation of undifferentiated cells in the  culture as 
discussed previously. However, the recovery in num bers of negative and 
plus-m inus cell types and decline of positive cells was m arkedly g rea ter 
th an  those observed a t the  same tim e point following incubation in DMSO 
for 72 and 96 hours, and  could reflect the  g rea te r proportion of cells 
com m itted to te rm ina l d ifferen tiation  in the  cu ltu res a t the  longer 
incubation times.
Pulse experim ents described above lead to the  hypothesis th a t cu lture 
conditions could be having an effect on expression of the g l60  kDa antigen 
with DMSO exposure tim es below 24 hours, thus altering  the proportions of 
the three designated cell types. To determ ine directly w hether changes in 
growth a ltering  conditions could m odulate monoclonal 4H5 reactiv ity , 
cultures were either left for 5 days w ithout dilution or m aintained  a t the 
same cell num ber throughout th is time period. Figure 4.4.A. compared to
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Figure 4.4. Immunofluorescence reactivity of monoclonal antibody 4H5 on 
fixed slide p reparations of; (A) HL-60 cells m aintained in cell culture by 
daily replacem ent of medium and (B) HL-60 cells m aintained for a period of 
5 days w ithout any replacem ent of medium. (Bar = 10 pm)
E xam ples of cells c lass ified  as show ing; in te n se  po sitiv e  (P), 
interm ediate/plus-m inus (I) and negative (N) fluorescence reactiv ity  are 
indicated in panel B.

Figure 4.4.B showed th a t, cultures which rem ained undilu ted  for 5 days 
contained a g reater num ber of 4H5 positive cells th an  cultures w here the 
cell num ber was m aintained. In view of th is resu lt it was thought th a t  a t 
the low DMSO pulse times, expression of g l60  kDa antigen could have been 
influenced by alterations due to fluctuations in cell num ber. Therefore, the 
short DMSO pulse experiments were repeated using cultures w here the  cell 
num bers were m aintained throughout the experim ent (Figure 4.5.). In  both 
the negative control (Figure 4.5.D) and 6  hour (Figure 4.5.A) cu ltu res a 
varia tion  in the  num ber of negative and plus-m inus cells w as observed 
during the time course, however there was no cross over between increasing 
and decreasing populations. In addition, a large rise in positive cells was 
not observed. Incubation with DMSO for 12 hours Figure 4.5.B.) resulted  in 
sim ilar kinetics to those described for the 18 hour incubation (Figure 4.2.A). 
There was no great rise in the num ber of positive cells, bu t th e  biphasic 
relationship between the plus-minus and the negative cell populations was 
observed (Figure 4.5.B).
4.3.3. Elevation of g l60 kDa expression by m odulation of growth  
relative to division
The experim ent described above dem onstrated th a t  in the  absence of an 
inducer, d ifferen tia tion  to granulocytes could be b rough t abou t by 
alterations in growth conditions. Sim ilar resu lts have been obtained w ith 
differentiation of T. annulata  infected cells, as a lteration of the cell num ber 
has been shown to modulate the level of merozoite formation a t 41°C (Shiels 
and McKellar, unpublished data). The effect of reduced proliferation on 
Theileria differentiation has also been investigated directly by the  addition 
of aphidicolin, an inhibitor of DNA polymerase alpha (see 4.4.). To compare 
the HL-60 and Theileria  system s it w as investigated  w he ther reduced 
division influenced 4H5 antibody reactivity following incubation of HL-60
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F ig u re  4.5. Immunofluorescence reactivity of monoclonal antibody 4H5 on 
fixed slide preparations of HL-60 cells incubated with 1.3% DMSO for; (A) 6 
hours; (B) 12 hours; (C) continuous exposure and (D) control cu ltu res 
containing no DMSO. Cell num bers were m aintained a t a density of 4 x 105 
cells ml-1 by daily sub-culturing. After incubation in DMSO the cells were 
w ashed and incubated  in  norm al m edium  for the  rem ainder of th e  
experim ent. Three cell types w ere recorded; (1) in tensely  fluorescent 
positive cells; (2) weakly reactive plus-m inus cells and (3) non reactive 
negative cells.
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F ig u re  4.6. Differentiation pa ttern  of HL-60 cells detected during 5 days of 
continuous exposure to DMSO. Cell num bers were m aintained a t a density 
of 4 x 105 cells ml”1 by daily sub-culturing. Differentiation is expressed as 
the  percentage of NBT positive cells present in; (1) control cultures w ithout 
DMSO or (2 ) cultures continuously exposed to 1.3% DMSO.
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cultures w ith  aphidicolin. Prelim inary experim ents showed th a t cultures 
m aintained  in the presence of the drug for periods in excess of 24 hours 
resulted  in significant loss of cell viability (Figure 4.7.). To overcome th is 
detrim ental effect, cells were incubated for 18 hours, and subsequently  
cultured in drug free medium. The resu lt of th is experim ent showed th a t 
incubation in the drug increased the percentage of positive cells to 5.8 %, 
which was 4 fold g rea ter th an  the  control a t day 1 (Figure 4.8 .A). This 
increase continued to a peak of 9.1 % a t day 2 (2.4 fold increase over control 
culture). By 72 hours, however, the value for the aphidicolin treated  culture 
was reduced and was approxim ately the sam e as estim ated for the  control. 
These resu lts were essentially  m irrored by counting the  num ber of plus- 
m inus cells following drug trea tm en t (Figure 4.8.B), except th a t the  plus- 
m inus cells represented a greater proportion of the total population of the 
culture (24.7 % and 56.24 % a t day 1 and 2), and a significant increase 
between the num ber of plus-m inus cells in the drug trea ted  culture relative 
to the control was m aintained to day 3. From these results it was concluded 
th a t aphidicolin could induce cells to increase 4H5 antigen expression, but 
elevation to the  level associated w ith  com m itm ent only occurred for a 
minority of the population.
To confirm the effect of aphidicolin on DNA synthesis in HL-60, cells were 
incubated for 13 hours in aphidicolin and incorporation of [3H] thym idine 
and [35S] m ethionine estim ated over a 5 hour period in the  presence of the 
drug. This experiment dem onstrated th a t relative to the  control cultures, 
aphidicolin inhibited the  ra te  of DNA synthesis by 94% (Table 4.1.). In 
contrast the drug had a relatively m inim al effect on protein synthesis when 
incubated w ith the cells for 18 hours (2.9% reduction). Thus, over the 
incubation periods used in this study aphidicolin was found to preferentially 
inhibit DNA synthesis relative to protein synthesis.
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F ig u re  4.7. Effect of aphidicolin on the viability of HL-60 cells. Cultures 
w ere assessed for cell viability  every day for 5 days using trypanblue 
exclusion (50% in PBS). Cultures were incubated with; (1) no drug, control 
cultures; (2) 1.5 pg ml' 1 aphidicolin for 18 hours after which time the cells 
were w ashed and incubated in norm al medium for the  rem ainder of the  
experiment; (3) continuous exposure to 1.5 pg ml-1 aphidicolin.
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Figure 4.8. Effect of aphidicolin on differentiation of HL-60. Cells were 
incubated with; (1 ) no drug, stippled bar or (2 ) 1.5 pg m l-1 aphidicolin, 
hatched bar. After 18 hours the cells were washed and incubated in normal 
medium for the  rem ainder of the experiment. Graph (A) percentage of cells 
which gave positive reactiv ity  by imm unofluorescence w ith  monoclonal 
antibody 4H5. G raph (B) percentage of cells which gave (+/-) reactivity with 
monoclonal antibody 4H5.
* Denotes tim e points where a statistically  significant difference (p< 0.01) 
was observed betw een control and drug trea ted  cultures. S ta tis tica l 
analysis was carried out using the %2 distribution and 2 x 2 contingency 
tables (Harper, 1971).
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Table 4.1. Effect of aphidicolin on protein and DNA synthesis in HL-60 
cells. Cultures were incubated for a total of 18 hours in the presence of 1.5 
pg m l-1 aphidicolin or control cultures containing no drug. Incorporation of 
e ither [35S] m ethionine or [3H] thymidine was estim ated during the  final 5 
hours of incubation.
l35S]
Incorporation
%
Inhibition
[3H]
Incorporation
%
Inhibition
Control 2204170 17306
(± 327846) (± 2179)
2.9 94.2
Aphidicolin 2139288 1001
(± 307658) (± 162)
Values are the m ean counts per m inute per 105 cells of 6 sam ple wells, +/- 
the standard deviation.
In  th e  Theileria  system , in addition to the  effect of aphidicolin, recent 
experim ents have analysed the influence of polypeptide synthesis on the  
induction of differentiation. It was found th a t elevation of general protein 
synthesis accompanies tem perature  and th a t these events are associated 
w ith the  in itiation of differentiation and the up-regulation of ta rge t gene 
expression (Shiels, et a l., 1997).
HL-60 differentiation by DMSO m ay also bring about changes in  protein 
levels relative to DNA. To tes t th is postulation, estim ation of the ra te  of 
DNA and protein synthesis were carried out following incubation of cells 
w ith or w ithout DMSO for 0 , 24, 48 and 72 hours. Duplicate sam ples of 
cells were taken a t daily tim e points and sim ultaneously assessed for both 
[3H] thym idine and [35S] m ethionine incorporation. As shown in Figure
4.9., the  ra te  of DNA synthesis (Figure 4.9.A) was h igher th an  protein 
synthesis (Figure 4.9.B) for both control and tes t cultures over the first 24 
hours. The ratio of the increase in rate  of protein relative to the  increase of 
DNA synthesis was calculated as 0.522 for DMSO and 0.866 for the control. 
Between 24 and 48 hours however, the ratio of the ra te  of protein relative to 
DNA synthesis (16.5) was dram atically altered in  the DMSO culture, due to 
a 23 fold reduction in the rate  of DNA synthesis. A change was also found 
in the control culture, but th is was small in comparison. This a lteration in 
the  ra te  of protein  synthesis relative to DNA induced by DMSO was 
confirmed if the 48 hour values were compared directly to the  control 
culture. Thus, although DMSO reduced the  ra te  of protein synthesis by 8 
fold, the ra te  of DNA synthesis was reduced by 30 fold. F u rther incubation 
to 72 hours exacerbated the change in the ra te  of protein synthesis to DNA 
for the DMSO culture (ratio of 2.7), while in the  control culture the  ratio 
returned  to a value (0.89), which was sim ilar to the ratio  calculated a t 24
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Figure 4.9. Effect of DMSO on DNA and protein synthesis in HL-60 cells. 
C ultures were incubated for a to tal of 72 hours in the presence of either; (1 ) 
control cultures lacking DMSO or (2 ) cultures continuously exposed to 1.3% 
DMSO. Incorporation of radioactive label was estim ated during the final 5 
hours of incubation. G raph (A); the effect of DMSO on the incorporation of 
[3H] thymidine. G raph (B); the effect of DMSO on the incorporation of [35S] 
methionine.
Values represent the  m ean counts per m inute per 4 x 105 cells of 6  sample 
wells +/- the standard  error.
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hours. Therefore, it w as concluded from these  re su lts  th a t  DMSO 
significantly alters the ra te  of protein synthesis relative to DNA synthesis 
but, only following an initial 24 hours in the presence of the inducer.
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4.4. D iscu ssion
Using monoclonal antibody 4H5 as a sensitive m arker, experim ents were 
undertaken to examine the process of DMSO induced differentiation in HL- 
60, and  compare th is to recently  obtained d a ta  for T. annu la ta . A 
correlation was found between the num ber of NBT positive cells estim ated 
a t different tim e points and the num ber of cells showing positive reactivity 
w ith  monoclonal antibody 4H5 (Figures 4.5.C and 4.6.). Thus, it was 
concluded th a t differentiation towards granulocytes was associated w ith  a 
q u an tita tiv e  increase in the  expression of the  160 kD a antigen . An 
apparent discrepancy between the num bers of NBT positive cells a t day 5 
and the  num ber of 4H5 positive cells could be accounted for by the  
sensitivity of the two assays.
DMSO pulse experiments were used to examine the na tu re  of commitment 
to full granulocyte differentiation. Generally, a t DMSO incubation tim es 
below 24 hours there  was no notable increase in the  num bers of cells 
showing positive reactivity w ith monoclonal antibody 4H5 when compared 
to control cultures. At 12 and 18 hour incubation tim es, a cross back was 
observed between the populations of negative and plus-m inus cells (Figures 
4.5.B and 4.2.A). An initial decrease in negative cells and concomitant rise 
in plus-minus cells was subsequently followed by a recovery in num bers to a 
level comparable to th a t at day 0. This suggested th a t a t pulse tim es below 
those required  for com m itm ent, low level expression of the  g l6 0  kD a 
antigen was reversed by removal of the  inducer. W hen cu ltu res were 
incubated in DMSO for g rea ter th an  24 hours a cross over was observed 
between the increasing positive population and the  decreasing plus-m inus 
and negative populations. These kinetics imply th a t in order for a  major 
proportion of the plus-m inus population to convert to positive cells, they
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m ust be in the  inducer for g reater th an  18 hours or they will revert to a 
negative population. However, once a cell has become fully positive it will 
not revert to a  plus-minus or negative cell in  the absence of inducer. These 
resu lts support conclusions made previously Tarella, et al. (1982) on the  
com m itm ent of HL-60 cells to granulocyte form ation as assessed by NBT 
reduction, and show th a t the  interm ediate s ta te  is an im portant transition  
stage in the  differentiation process. In  addition, progress th rough  the  
different stages during differentiation was associated w ith a quantita tive  
increase in the expression of the 160 kDa antigen. This work has confirmed 
directly th a t, in both T. annula ta  (see 1.8.) and HL-60, the  progression 
towards differentiation is linked to a reversible increase in the expression of 
target genes which are fully expressed upon reaching a comm itm ent point. 
I t would seem likely, therefore, th a t sim ilarities will also be found in the 
basic molecular mechanisms controlling these events.
Affects on culture conditions caused by modulation of cell num ber has been 
found to influence differentiation potential in T. annulata. C ultures of the 
differentiation enhanced cell line seeded a t low cell densities (1.4 x 105 cells 
ml-1) before incubation a t 41°C were found to differentiate a t a h igher ra te  
compared to cultures seeded a t higher cell densities (2 .8  x 1 0 5 cells m l-1) 
(Shiels and  McKellar, unpublished data). S im ilar effects of cu ltu re  
conditions on HL-60 granulocyte differentiation were also found. Cultures 
which were left undiluted for 5 days and were shown to have higher levels 
of g l60  kDa antigen th an  cells cultured norm ally. In  one DMSO pulse 
experim ent the  resu lts  obtained from the  sh o rte r pulse tim es w ere 
unexpectedly variable. A possible explanation for th is was th a t a t these 
short pulse tim es the conditions in  individual culture flasks effected the  
differentiation s ta te  of the cells. Comparison of the 6  hour, 18 hour and 
negative control cultures (Figure 4.3.1.) showed th a t a cross back between
104
negative and plus-m inus cell populations took place in  all th ree  cultures. 
However, the results imply th a t conditions w ithin each individual culture 
were different, as the cross-back occurred a t different tim es. In  addition, 
the  proportion of negative (48%) and p lus-m inus (44%) cells in  these 
experim ents were alm ost equal a t the s ta r t of the tim e course, w hereas in 
other sim ilar experiments there was a much higher proportion of negative 
cells, typically 60-80%, a t day 0. This could indicate th a t the  culture used 
to set up th is particular experiment had been subjected to growth conditions 
which altered the differentiation sta tus of the  cells prior to the  addition of 
DMSO thus, exacerbating the effect of the  inducer. At longer pulse tim es 
there did not appear to be any sim ilar effect of growth conditions, indicating 
th a t  induction by DMSO a t periods of longer th an  24 hours w as able to 
overcome any variations due to culture conditions. From these resu lts it is 
possible to conclude th a t as growth conditions will vary during the  2-3 day 
period of routine culture, HL-60 cells in these  cu ltures are  constantly  
m odulating between the negative and plus-m inus sta te , w ith  a few cells 
undergoing spontaneous term inal differentiation. Therefore, in agreem ent 
w ith the stoichiometric model proposed for merozoite differentiation in T. 
annulata  (Shiels, et al., 1994), the  addition of DMSO would increase the 
probability of a spontaneous (random) differentiation event occurring.
In  T. annulata  changing the param eters of proliferation/growth directly by 
the addition of aphidicolin was shown to increase differentiation potential. 
Incubation of the differentiation enhanced cell line a t e ither 41°C or 37°C for 
24 hours in aphidicolin had no effect (Shiels, et al., 1997). E xtending the 
incubation tim es w ith aphidicolin beyond 24 hours was not possible as the 
drug significantly reduced the viability of the host cell. However, a  constant 
low level ra te  of differentiation could be obtained if the  d ifferentiation 
enhanced cell line was pre-adapted  to cu ltu re  a t 41°C by an  8 week
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incubation a t the elevated tem perature. If  aphidicolin was subsequently  
added to these pre-adapted cells for 24 hours a t 41°C , a th ree  fold increase 
in differentiation ra te  was observed, compared to sim ilar control cultures 
w ithout drug treatm ent. The addition of aphidicolin to HL-60 cultures was 
sim ilarly  shown to increase d ifferentiation  po ten tial. Following drug 
trea tm en t the  num ber of cells expressing the  g l60  kD a an tigen  a t both 
in term ediate  and high levels was increased (Figure 4.8.). In  addition, 
following the removal of aphidicolin the num ber of positive cells continued 
to rise, suggesting th a t the effect of the drug trea tm en t was to induce cells 
to progress through the commitment step of granulocyte differentiation.
Induction of HL-60 cells tow ards sta tionary  phase growth or incubation 
with aphidicolin induced differentiation a t a m uch lower level th a n  th a t 
achieved by continuous exposure to DMSO. This could m ean th a t only cells 
th a t were close to a quantitative threshold which determ ined comm itm ent 
were in a position where these factors could influence differentiation status. 
For the  res t of the  cells, the  tim e w here conditions w ere optim al for 
reaching commitment may have been too short. Thus, a few cells were able 
to become fully positive, bu t the m ajority (56%) were only able to reach 
plus-minus before the removal of aphidicolin caused reversion to negative 
(Figure 4.8). Extending the incubation tim e w ith aphidicolin w as not 
possible as th is resulted in a significant loss of cell viability (Figure 4.7.). 
This was probably due to the induction of apoptosis before com m itm ent 
could be reached, as recent studies have shown th a t aphidicolin can induce 
cell death in some cell types (Schimke, et a l ., 1994; W axman, et al., 1992). 
For certain  cell lines, com m itm ent to term inal d ifferentiation has been 
achieved following prolonged incubation with aphidicolin in a dose and time 
dependant m anner (Cinatl, et al., 1994; Griffin, et al., 1982; M urate, et al., 
1990; Schwartz, et al., 1995). This could reflect the inability of aphidicolin
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to induce apoptosis in  these  cell types, or th a t  the  com m itm ent to 
differentiate overrides the triggering of cell death pathways.
In T. annulata  the effect of aphidicolin on parasite  differentiation has been 
shown to be dependant on culture a t 41°C. I t appears th a t  a second 
param eter associated w ith elevated tem pera tu re  is involved in in itiation  
and progression towards commitment. Evidence suggests th a t th is second 
param eter is an elevation of protein synthesis, as following a short term  
incubation a t 41°C a general increase in the  ra te  of parasite  polypeptide 
production has been found. In addition, inhibition of pa rasite  protein 
production by oxytetracyclin has been shown to significantly  reduce 
d ifferen tiation  po ten tial (Shiels, et al., 1997). In  HL-60 the  resu lts  
presented in Table 4.1. show th a t DNA synthesis was significantly inhibited 
in aphidicolin trea ted  cells w ithout a m ajor decrease in the  production of 
protein, supporting previous studies on the effect of the drug (Iliakis, et al., 
1982; Schimke, et al., 1991). Thus, for both the parasite  and for HL-60, 
potentiation of differentiation by aphidicolin is associated w ith an  increase 
in general polypeptide synthesis relative to DNA synthesis. The ability of 
aphidicolin to induce differentiation in a num ber of eukaryotic cell types, 
including HL-60 (Cinatl, et al., 1994; Griffin, et al., 1982; M urate, et al., 
1990; Schwartz, et al., 1995) and the observation th a t in T. annula ta  the 
reversible phase of differentiation to the  m erozoite is in itia ted  by an  
elevation in the ra te  of protein synthesis (Shiels, personal communication), 
lead to the hypothesis th a t progression tow ards com m itm ent involves an 
increase in the ratio of protein factors which regulate the gene expression of 
the next stage. Moreover, th is hypothesis could also explain why m any 
reagen ts which po ten tiate  differentiation of HL-60 act a t the  level of 
inhibiting DNA synthesis or cell proliferation (Barrera, et al., 1991; Cook, et
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al., 1990; Hui and Yung, 1993; Ling, et al., 1991; Nagy, et al., 1995; Taoka, 
et al., 1990; Tarella, et al., 1982; Waxman, et al., 1992).
Classical inducers of HL-60 granulocyte differentiation, DMSO, dbcAMP 
and retinoic acid, could function by altering the  ratio  of protein production 
relative to DNA synthesis, as all these reagents have been shown to prolong 
the tim e th a t cells are held w ithin the growth phases of the  cell cycle (G1 
and G2) (Brennan, et al., 1991; Gezer, et al., 1988; Horiguchi-Yamada and 
Yam ada, 1993; Laskin, et al., 1991). Experim ents estim ating  the  ra te  of 
protein synthesis relative to DNA following exposure to DMSO showed th a t 
over the  first 24 hours the ra te  of DNA synthesis appeared to be grea ter 
th an  protein. However, between 24 and 48 hours the ratio  was drastically 
reversed due to a m ajor reduction in the  ra te  of DNA synthesis. This 
change occurs after approximately 24 hours which, interestingly is the  same 
period of incubation  requ ired  to bring  about significant granulocyte 
d ifferentiation (Tarella, et al., 1982) and g l60  kDa an tigen  expression. 
These resu lts indicate th a t while the in itiation  of differentiation could be 
due to an elevated ra te  of protein synthesis in Theileria, th is is unlikely to 
be the  case for HL-60 cells. Progression tow ards the  com m itm ent point 
however, may involve an alteration in the ratio  of protein relative to DNA 
for both systems.
From the work presented in this chapter, the current studies on T. annulata  
and the work of others on HL-60 and related  differentiation system s it is 
possible to form ulate a sim plistic model in which cells d ifferentiate in a 
stochastic m anner. This model is influenced by the  model proposed by 
(Blau, 1992), w here the rela tive  concentration  of reg u la to rs  of gene 
expression play a critical role in the  determ ination of the  differentiated 
state. U nder normal culture conditions the majority of cells m ain tain  these
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factors a t a level below the  th resho ld  requ ired  for com m itm ent to 
differentiation. However, w ithin a population a t any given tim e, individual 
cells could be nearer or fu rther from the threshold, resulting  in  asynchrony 
w ithin the population with respect to differentiation. Addition of an inducer 
would cause the  shifting of the stoichiom etry of regu la to rs , such th a t 
progression towards a threshold occurs, in tu rn  setting  off a cascade of 
events leading to term inal differentiation. As m any regu lators of gene 
expression act in combination w ith other factors, sm all changes in  the  
relative concentration of a single regulator could have large effects on gene 
expression. This change could be achieved, following alterations to the level 
of one factor relative to another, or a change in the  ratio of factor relative to 
an  autoregulatory DNA tem plate. In Theileria  th is m ay be in itia ted  by 
increases in polypeptide synthesis alone, but in HL-60, initiation is likely to 
be more complicated and involve the previously described im m ediate early 
events.
For both systems, however, extension of the G1/G2 phases of the  cell cycle, 
could significantly influence progression tow ards com m itm ent by the  
autoregulatory amplification of positive regulators, resu lting  in detectable 
changes to merozoite and granulocyte gene expression. Removal of the 
inducer before a particu lar concentration threshold was reached, however, 
would resu lt in an increase in DNA tem plates by the re-establishm ent of 
cell proliferation. This in tu rn  would lower factor production, leading to a 
reversal of the process, and a reduction in gene expression. A prediction of 
th is  model is th a t the  random  probability  of a d ifferen tia tion  event 
occurring is linked to the concentration of key regulators of gene expression 
relative to autoregulatory  DNA sequences. C learly the  aim  of fu ture  
research would be to test this model following characterisation of the  factors 
which regulate merozoite and granulocyte target genes. A prerequisite for
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this type of study is the isolation of gene clones encoding both ta rge t DNA 
sequences and regulatory peptide factors.
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C hapter 5
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P u rifica tion  and c lon in g  stra teg ies o f TaHBL20/125
5.1. Introduction
Previous chapters have described the characterisation of antigens which are 
recognised by monoclonal antibody 4H5 in T. annulata  infected cells and in 
HL-60 cells. In HL-60, reactivity of the antibody for the  g l60  kDa antigen 
w as found to be significantly  increased  following d iffe ren tia tion  to 
granulocytes and th is reactivity was used to fu rther investigate parallels 
between differentiation to the merozoite in T. annulata  and differentiation 
to granulocytes in HL-60. The identity and function of both these antigens 
rem ains unknown, but m any of the unansw ered questions discussed in the 
preceding chapters could be addressed by cloning the genes encoding one or 
both of these antigens. Two m ain strategies are available; a) tran s ien t 
expression of cloned genes transfected into m am m alian cells followed by 
screening by antibody selection, b) direct screening of cDNA libraries with 
either antibody or w ith oligonucleotides.
Prelim inary  experim ents were perform ed to determ ine the  feasibility of 
screening a Theileria infected cell bacteriophage (phage) cDNA expression 
library using monoclonal antibody 4H5. The antibody failed to produce any 
signal during the screen, and no positive plaques were identified. This was 
not surprising, as recognition of TaHBL20/125 by th is antibody is known to 
be susceptible to conditions which a lter the physical conformation (Chapters 
2 and 3). Expression of authentic, biologically active eukaryotic proteins 
from cloned DNA frequently requires post-translational modifications such 
as glycosylation, phosphorylation, specific proteolytic cleavage, accurate 
disulphide bond formation or oligomerisation. This problem is particularly  
severe for the expression of cell surface molecules (Sambrook, et a l ., 1989).
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As these processes are not performed by bacteria or phage system s, it was 
unlikely th a t the gene encoding the 4H5 antigen would be expressed in the 
correct physical conformation in a phage vector to allow recognition by the 
monoclonal antibody.
These problems can potentially be overcome by the  expression of cloned 
genes in m am m alian cells. A commonly used m ethod for th is technique is 
the transfection of cDNA libraries into the sim ian COS cell line (Gluzman, 
1981). cDNA libraries are constructed in  a plasm id vector which also 
contains elements from the eukaryotic sim ian virus 40 (SV40) as a source of 
a promoter and other elem ents such as, polyadenylation signals, splice 
acceptor and/or donor sequences and enhancers, which should  allow 
accurate expression and post tran sla tio n a l m odification of an  inserted  
cDNA. These plasmids are transfected into COS cells and clones expressing 
the  desired molecules are  identified by successive rounds of antibody 
panning (Seed and Arufifo, 1987). However, although transfected DNA may 
contain all the  information required for post-translational modification of 
the desired polypeptide, there is no guarantee th a t it will perform norm ally 
in the transfected COS cell lines (Sambrook, et a l. , 1989).
A second approach is the screening of cDNA libraries w ith oligonucleotides 
derived from the am ino acid sequence of th e  an tigen  recognised by 
monoclonal antibody 4H5. A p rerequ isite  for th is  is th e  isolation of 
adequate am ounts of an tigen  for m icropeptide sequencing. Sufficient 
am ounts of an tigen  are m ost commonly isolated  using im m unoaffinity  
purification (Harlow and Lane, 1988). R esults presen ted  in  C hapter 3 
dem onstrated th a t, recognition of g l60  in HL-60 by monoclonal antibody 
4H5 was significantly more sensitive to physical disruption w hen compared 
to TaHBL20/125. In addition, frequent attem pts to im m unoprecipitate the
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molecule from HL-60 using this antibody had  been unsuccessful. Therefore, 
if  th is m ethod w as to be undertaken  in  an  a ttem p t to clone the  gene 
encoding the  4H5 antigen, it appeared  th a t  the  best s tra teg y  was to 
undertake purification of the polypeptide from Theileria infected cells.
Time constrain ts did not perm it cloning stra teg ies to be undertaken  to 
isolate the  gene encoding TaHBL20/125 and g l60 . However, if  th e  
molecules recognised by monoclonal antibody 4H5 in TaHBL20 and in  HL- 
60 are the bovine and hum an homologues of the same molecule, it m ight be 
possible to clone the g l60  kDa polypeptide using nucleotide sequence data  
generated from the gene clone encoding TaHBL20/125. Even in the absence 
of the HL-60 gene, it was thought th a t characterisation of the  nucleotide 
sequence in a Theileria cDNA clone could provide valuable inform ation as to 
the possible identity and function of the antigen during HL-60 granulocytic 
differentiation.
Of the  stra teg ies discussed above, im m unoaffinity  purification  of the  
TaHBL20/125 antigen was considered to be the most stra igh t forward. The 
prim ary reason for th is was th a t, it w as unknow n w hether COS cells 
transfected w ith the cDNA encoding TaHBL20/125 or g l60  would express 
the antigen in a confirm ation th a t would be recognised by monoclonal 
antibody 4H5.
5.1.1. Aims
The p rim ary  aim  of w ork p resen ted  in  th is  c h ap te r w as to use 
imm unoaffinity chrom atography to purify the  TaHBL20/125 antigen  for 
microprotein sequencing. Secondly, to use amino acid sequence da ta  to 
design single stranded  oligonucleotides from the  obtained am ino acid
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sequence d a ta  and use these as probes to screen a cDNA lib rary  and 
identify clones representing the gene of in terest. Thirdly, to characterise 
the gene of in terest by sequence analysis.
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5.2. M aterials and M ethods
5.2.1. Coomassie staining of SDS-PAGE gels
Following electrophoresis, gels were stained and fixed in a solution of 20% 
m ethanol, 10% acetic acid and 0.5% Coomassie B rillian t Blue R-250 in 
dH2 0 , for approxim ately 60 m inutes and destained in the  sam e solution 
lacking the Coomassie dye.
5.2.2. Purification of monoclonal antibody 4H5
5.2.2.1. Ammonium sulphate precipitation
Monoclonal antibody su p e rn a ta n t (see 2.2.1.) was p rec ip ita ted  using 
am m onium  su lphate  to reduce the  overall volume of m ateria l p rior to 
fu rther purification. An equal volume of sa tu ra ted  am m onium  su lphate  
(50% cut) was added to 1 .2  litres of monoclonal antibody 4H5 supernatan t 
and incubated a t 37°C w ith gentle agitation for 60 m inutes. Precipitated 
antibody was pelleted by centrifugation a t 10  0 0 0  g for 2 0  m inutes and 
resuspended in 100  ml dH^O. Residual ammonium sulphate was removed 
by dialysis against 2 litres of PBS (Harlow and Lane, 1988).
5.2.2.2. Protein A immunoaffinity chromatography
Protein A affinity chromatography was used to purify monoclonal antibody 
4H5. A 2 ml column of Protein-A-Sepharose 4 Fast Flow beads (Pharmacia) 
was pre-washed w ith 5 ml of 100 mM glycine, pH 3.0, followed by 20 ml of 
100 mM Tris.HCl, pH 8.0. 100 ml of concentrated monoclonal antibody 4H5 
(see 5.2.2.1 .) was passed over the Protein A column a t 4°C. The column was 
washed with 20 ml of 100 mM Tris.HCl, pH 8.0, followed by 20 ml of 10 mM 
Tris.HCl, pH 8.0, and bound antibody eluted w ith 10 ml of 100 mM glycine, 
pH 3.0. Fractions of 500 pi were collected in eppendorf tubes containing 50
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jul of 1M Tris.HCl, pH 8.0 and the tubes gently mixed. Im m unoglobulin 
containing fractions were identified by running 5 pi aliquots of each fraction 
on a 10% SDS-PAGE gel followed by stain ing  w ith  Coomassie blue (see
5.2.1.). A 5 |Lil sample of unpurified antibody was also run  for comparison. 
Antibody containing fractions were pooled and the  protein concentration 
estim ated by the method of Bradford (see 2.2.6.1.).
5.2.2.3. Biotinylation of monoclonal antibody 4H5
150 pi of Sulfo-NHS-boitin, sulfosuccinimiodobiotin (Pearce, 10 mg ml-1 in 
100 mM sodium borate buffer, pH 8 .8 ) was added to 500 pi of purified 
monoclonal antibody 4H5 a t a concentration of 1 mg m l-1 in sodium borate 
buffer, and incubated a t room tem pera tu re  for 4 hours. 20 pi of 1 M 
ammonium chloride was then added and the sample incubated for a fu rther 
10  m inutes a t room tem perature. Unbound biotin was removed by dialysis 
against several changes of PBS for 12 hours a t 4°C. An indirect IFA (see
2.2.5.1.) was carried out on TaHBL20 and BL20 cells to verify the reactivity 
of the antibody.
5.2.3. Immunoaffinity Purification of TaHBL20/125
5.2.3.1. Concanavalin A lectin affinity chromatography
10 ml of concanavalin A (Con A) (C anava lis en s ifo rm is , jack  bean) 
sepharose 4B (Pharm acia) was pelleted by centrifugation a t 5 000 g a t 4°C 
for 5 m inutes and washed twice w ith an equal volume of NP-40 lysis buffer 
(see 2.2.6.). The Con A sepharose was then  incubated overnight a t 4°C on a 
ro ta to r w ith 4 ml of TaHBL20 NP-40 cell ex tract (see 2.2.6.). Unbound 
proteins were removed by 5 washes w ith NP-40 lysis buffer, and  bound 
glycoproteins were eluted by incubation w ith  2 ml of 0.4 M m ethyl-x-d- 
mannopyranoside for 30 m inutes on a ro tator a t room tem perature. Con A
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sepharose was pelleted by centrifugation a t 5 000 g for 5 m inutes and the 
supernatan t retained. E luted fractions were concentrated by centrifugation 
through a Centrocon filter w ith a cut off point of 30 kDa for 60 m inutes a t 
5000 g. The protein concentration of eluates was determ ined by the method 
of Bradford (see 2.2.6.1.). 5 pg equivalents of eluted glycoprotein fraction 
and unpurified TaHBL20 extract were run  on a 6 % SDS-PAGE gel (see
2.2.7.) and imm unoblotted w ith the anti-glycoprotein antiserum  (see 2.2.4. 
and 2 .2 .8 .).
5.2.3.2. Biotin/streptavidin 4H5 immunoaffinity column
Assessing the elution conditions for the immunoaffinity column
50 pi of Con A fraction (see 5.2.3.1.) was incubated w ith 2 pi of purified, 
biotinylated 4H5 antibody for 90 m inutes on ice. 30 pi of 6% Im m unoPure 
immobilised streptavidin (6 % v/v in PBS, Pierce) was added, and incubated 
for a further 90 m inutes on ice. The beads were pelleted by centrifugation 
a t 10 000 g for 2 m inutes, washed 4 tim es in PBS (see 2.2.5.), washed once 
in  pre-elution buffer (See Table 5.1.), before incubation for 2  m inutes w ith 
25 pi of the  appropriate  elution buffer (see Table 5.1.). Following the  
elution step, the beads were pelleted by centrifugation, and the supernatan t 
was immunoblotted and probed w ith the anti-glycoprotein antibody.
Once optimal elution conditions had  been established in the  prelim inary 
experiments described above, immunoaffinity purification of TaHBL20/125 
was under taken on a larger scale. 1 ml of Con A fraction (see 5.2.3.1.) was 
incubated overnight a t 4°C w ith 40 pi of biotinylated purified monoclonal 
antibody 4H5. 5 ml of streptavidin beads were added and incubated for a 
fu rther 2 hours a t 4°C. The sample was then  allowed to settle  in a 10  ml 
chrom atography column (Biorad) and w ashed w ith  20 m l of 10 mM
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Table 5.1. Conditions used to elute TaHBL20/125 from bio tin inylated 
monoclonal antibody 4H5/streptavidin sepharose.
Elution conditions Pre-elution buffer Collection buffer
100 mM triethylam ine, 
pH 11.5
10 mM phosphate, 
pH 8.0
1/10 volume 1 M 
Tris.HCl, pH 6 .8
100 mM glycine, 
pH 2.5
10 mM phosphate, 
pH 6  8 .
1/10 volume 1 M 
Tris.HCl, pH 8.0
100 mM glycine, 
pH 1.8
10 mM phosphate, 
pH 6 .8
1/15 volume 1 M 
Tris.HCl ,pH 8.0
3.5 M MgCl2 in 10 mM 
phosphate, pH 7.2
10 mM phosphate, 
pH 7.2
2 M urea PBS
2 M guanidine. HC1 PBS 1/10 volume 1 M 
Tris.HCl, pH 8 .0
8 M guanidine. HC1, 
pH 1.5
PBS 1/10 volume 1 M 
Tris.HCl, pH 8.0
phosphate buffer, pH 8.0. Bound antigen w as eluted w ith 3 ml of 100 mM 
triethylam ine, pH 11.5, and 200 pi aliquots were collected in V l0 th- volume 
of 1 M Tris.HCl, pH 8.0. To identify antigen containing fractions, 10 pi 
aliquots of each fraction were loaded onto a 10% a SDS-PAGE gel (see
2.2.7.), W estern  blotted  (see 2 .2 .8 .) and  probed w ith  both th e  a n ti­
glycoprotein antibody (see 2.2.4.) and w ith ExtraAvidin (Sigma) antibody. 
To obtain sufficient purified an tigen  for m icroprotein sequencing th is 
procedure was repeated a fu rther 8 tim es using the sam e im m unoaffinity 
column, but w ith a fresh Con A fraction each time. All fractions containing 
purified antigen were pooled (approxim ately 16 ml) and  dried using a 
Savant speedivac concentrator in 1 ml aliquots.
5.2.4. Protein sequencing
5.2.4.1. SDS-PAGE
SDS-PAGE for the preparation of proteins for microsequencing was carried 
out according to the method of D unbar and Wilson (1994) using the Biorad 
Protean II gel electrophoresis system. A 10 % slab gel composed of 4.17 ml 
dH2 0 , 3.325 ml acrylamide mix (30% acrylam ide (99% pure, Fluka), 0.8% 
piperazine diacrylamide (PDA, Bio Rad)) and 2.5 ml lower buffer (0.375 M 
Tris. HC1, pH of 8 .8 , 2% w/v SDS). The solution was degassed for 5 m inutes 
before polymerisation was in itiated  by the  addition of 2.5 pi TEMED and
37.5 pi of freshly made 10% APS. After pouring, the gel was overlaid w ith 
w ater satu rated  2 -butanol and allowed to set for approxim ately 60 m inutes. 
Once the resolving gel had polymerised, the overlay was poured off and the 
top of the gel rinsed with dH2 0 . 5 ml of a 5% stack gel was then  poured on 
top of the resolving gel. The stack gel was composed of 2.925 ml dH2 0 , 
0.825 ml acrylam ide mix and 1.25 ml lower buffer. The solution was 
degassed for 5 m inutes before polymerisation was in itia ted  by the addition
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of 5 pi TEMED and 37.5 pi 10% APS. Upper buffer (0.125 M Tris. HC1, pH
6 .8 , 2 % w/v SDS) containing 10 mM filtered glutathione was added to the 
upper reservoir of the electrophoresis tank , while lower buffer (see above) 
was added to the lower reservoir. 10 pi of sam ple buffer (1 0 % v/v glycerol, 
2.5% v/v 2 -mercaptoethanol, 2 % w/v SDS, 0.0625 M Tris.HCl, pH 6 .8  and 
0 .0 0 2 % w/v bromophenol blue) was loaded into one well and the gel was pre­
run  a t 6  mM until the dye reached the bottom of the gel. All buffers were 
then  discarded and replaced w ith running buffer (see 2.2.7.). In  addition, 1 
pi ml-1 of 100 mM sodium thioglycolate was added to the  upper reservoir 
only. 5 aliquots of purified, lyophilised TaHBL20/125 antigen (see 5.2.3.2 .) 
were resuspended in a to tal of 60 pi of dH 2 0  and diluted 1:1  in  sam ple 
buffer (see above). The sample was then heated to 100°C for 5 m inutes and 
loaded onto the pre-run gel. Electrophoresis was carried out a t a constant 
current of 25 mA until the dye front reached the  bottom of the  gel. The 
molecular m asses of proteins were estim ated by reference to high molecular 
m ass standard polypeptides (29-205 kDa, Sigma)
5.2.4.2. Western blotting
Pro teins separa ted  for sequencing w ere tran sfe rred  onto pre w etted  
m em brane (Pro B lott, Applied Biosystem s) in  3-[cyclohexylam ino]-l 
propanesulfonic acid (CAPS) buffer (10 mM CAPS, pH 11.5, 10% v/v 
m ethanol), using a Bio-Rad Trans blot cell a t a constant of 50 V (170-100 
mA) for 2 hours a t room tem perature. The blot was removed, rinsed in 
dH2 0  for 5 m inutes and then  stained  w ith  Amido black (0.1% in 40% 
m ethanol, 1 % acetic acid) for 1 m inute. The blot was destained in dH 2 0  
and allowed to a ir dry a t room tem perature  for 3-4 hours. The band of 
in te res t was excised from the b lotting m em brane and stored  a t "20°C. 
Microprotein sequencing was carried out by Mr B D unbar of the amino acid
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sequencing facility a t University of Aberdeen, according to the  m ethod of 
M atsudaira (1987).
5.2.5. Synthesis and end labelling of oligonucleotides.
4 d eg en era te  oligonucleotide pools w ere sy n th esised , 4H5POA1-4 
(Molecular Biology laboratory, University of Strathclyde) from amino acid 
sequence data  generated in 5.2.4.2. A stretch of amino acids was chosen to 
give th e  longest oligonucleotides w ith  th e  le a s t degeneracy. The 
oligonucleotides were synthesised to give all possible combinations of codon 
preference for each amino acid and split into 4 pools containing 71 of the 
284 total possible combinations (Figure 5.8.). The oligonucleotides were end 
labelled using [-y32p] an(j T4 polynucleotide kinase (PNK). 200 ng of each 
oligonucleotide was added to 2 pi of 10  x PNK buffer (700 mM Tris.HCl, pH
7.8, 100 mM magnesium chloride, 50 mM dithiothreitol, Promega), 4 pi (60 
pmol) of [^32p] AXP (>7000 Ci/mmol, ICN), and the volume m ade up to a 
to tal of 20 pi w ith dH2 0 . 0.5 pi (5 units) of T4 PNK was added and the 
reaction incubated a t 37°C for 20 m inutes, a t which point a fu rther 0.5 pi of 
PNK was added and the reaction incubated as before. U nincorporated 
fy32p] ATP was removed by size exclusion chrom atography th rough  a 
NucTrap Probe purification column (Stratagene). The volume was made up 
to 70 pi w ith STE (100 mM sodium chloride, 20 mM Tris.HCl, pH 7.5, 10 
mM EDTA) and the reaction passed down a previously equilibrated column 
(70 pi STE) using a syringe. Labelled oligonucleotide was recovered from 
the column and used directly in hybridisation experiments.
5.2.6. Oligonucleotide screening of bacteriophage cDNA libraries
A X ZAP cDNA library constructed by Dr J. K innaird (WUMP, University of 
Glasgow) from a cloned T. annulata  (Ankara) m acroschizont infected cell 
line (D7) grown a t 37°C was screened with the radiolabelled oligonucleotide
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probes. Eschericia coli s tra in  Y1090 (Promega) was the host bacterium  
used to plate out the X ZAP D7/37 library. The bacteria were streaked out 
onto L uria-B ertani (LB) plates (1% bactotryptone, 0.5% yeast extract, 1% 
sodium  chloride, 1.5% bactoagar) containing 100 }xg m l-1 am picillin and 
incubated overnight a t 37°C. The following day overnight cultures were 
p repared  by picking one colony into 10 ml of LB/ampicillin m edia (as LB 
plates, m inus bactoagar) containing 0.2 % m altose and 10 mM m agnesium  
sulphate , and growing overnight on an orbital shaker a t 37°C. 50 ml of 
supplem ented LB medium was inoculated w ith 0.5 ml of overnight culture, 
and incubated in an orbital shaker a t 37°C until an  absorbance a t 600 nm of 
0.5 was obtained (corresponding to a cell density of 2.5 x 108 cells ml"l). 
The cells were pelleted by centrifugation a t 800 g for 5 m inutes a t 4°C 
followed by re-suspension in 5 ml of 10  mM m agnesium  sulphate. Cells 
were stored a t 4°C for up to 2 days.
To screen the X Zap D7/37 library, 7.5 x 104 plaque forming un its  (pfu) in 
SM buffer (50 mM Tris.HCl, pH 7.5, 10 mM m agnesium  sulphate, 100 mM 
sodium chloride, 0.01% w/v gelatine) were absorbed onto 800 pi of Y1090 
cells in 10 mM magnesium chloride by incubation a t room tem peratu re  for 
15 m inutes. 50 ml of top agarose (LB broth  containing 0.7% low EEO 
agarose (Sigma) a t approxim ately 45°C was added to the  cells, and the 
sam ple was poured onto a 200 mm x 200 mm LB/ampicillin plate. Once set, 
the  p late was incubated a t 37°C overnight and chilled a t 4°C for 1 hour. 
P laque lifts were taken by laying a large nitrocellulose filter on top of the 
p late  for 1 m inute, and m arking the position on the p late w ith  a needle. 
The filter was im m ersed in a shallow tray  (DNA side up) containing 
W hatm an 3MM filter paper soaked in denaturing  solution ( 0.5 M NaOH,
1.5 M NaCl) for 5 m inutes followed by im m ersion for 2 x 3  m inutes in 
neutralising solution (1.5 M NaCl, 0.5 M Tris.HCl, pH 7.4), and rinsing in 2
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x SSC (150 mM NaCl, 15 mM sodium citrate, pH 7.0). To fix the  DNA, the 
filter was baked a t 80°C for 2  hours.
Prior to hybridisation the filters were first incubated w ith 15 ml of PIPES 
hybridisation buffer (100 mM NaCl, 50 mM PIPES, pH 6 .8 , 50 mM sodium 
phosphate buffer, 1 mM EDTA, 5 % SDS) for 60 m inutes. This buffer was 
discarded and approximately 2 0  ng [t32P1 labelled oligonucleotide probe (see
5.2.5.) added in a fu rther 15 ml of PIPES hybridisation buffer. The filter 
was hybridised at 37°C for 24 hours, washed 3 x 15 m inutes in 6  x SSC, 0.5 
% SDS a t 37°C and exposed to autoradiography film (Kodak X-O m at AR) a t 
‘70°C. A utoradiographs were developed as described in  2.2.8. Positive 
plaques were identified and picked into SM buffer containing 20 pi of 
chloroform and stored a t 4°C. In addition, one negative plaque was also 
picked from each oligonucleotide pool to serve as a negative control in 
subsequent rounds of screening. To rescreen putative  positive plaques, 
3 000 pfu were absorbed onto 500 pi of bacteria  in m agnesium  sulphate 
(prepared as above) and plated onto 90 mm diam eter LB/ampicillin plates 
in 2.5 ml of top agarose.
5.2.7. In vivo excision
200 pi of E. coli XL 1-Blue MRF1 bacterial cells (Stratagene) incubated in an 
orbital shaker a t 37°C until an  absorbance a t 600 nm of 0 .1  w as obtained, 
were combined w ith 200 pi of XZAP phage stock (approxim ately 1 x 1 0 5 
phage particles) representing clones isolated from 5.2.6. and 1 pi of R408 
helper phage (approxim ately 1 x 106 pfu m l-1). A negative control 
containing XLl-Blue cells and helper phage alone was also se t up. The 
m ixtures were incubated at 37°C for 15 m inutes, followed by the  addition of 
5 ml of 2  x YT media (1% NaCl, 1% yeast extract, 1.6% bacto-tryptone) and 
fu rther incubation a t 37°C w ith shaking for 3 hours. The tubes were then
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heated to 70°C for 20 m inutes and centrifuged for 5 m inutes a t 4 000 g. The 
supernatants were decanted into sterile tubes and stored a t 4°C for up to 2 
m onths. To plate the rescued phagemid, 200 pi of stock phagem id was 
incubated with 200 pi of XLl-Blue bacterial cells w ith an absorbance a t 600 
nm of 0.1 (see above) for 15 m inutes a t 37°C and 25 pi p la ted  onto 
LB/ampicillin plates (50 pg ml-1), followed by incubation overnight a t 37°C. 
This was also carried out with 20 pi of a 10"2 dilution of the stock phagemid. 
Colonies were streaked  onto fresh LB/am picillin p lates th e  nex t day. 
Glycerol stocks were made of selected colonies. The cells were pelleted from 
a 10 ml overnight culture by centrifugation a t 800 g for 5 m inutes a t 4°C, re­
suspended in 3 ml of LB medium containing 10 % glycerol and  stored a t 
-70°C.
5.2.8. Preparation of DNA
1 to 3 ml of cells from an overnight bacterial cell culture were pelleted by 
centrifugation a t 15 800 g for 5 m inutes. The cell pellet was taken  up in 
200 pi of resuspension solution (50 mM Tris. HC1, pH 7.5, 10 mM EDTA, 
100 mg ml-1 RNase A), lysed by the addition of 200 pi lysis solution (200 
mM NaOH, 1 % SDS) and neutralised  by the  addition of 2 0 0  pi 2.55 M 
potassium  acetate, pH 4.8. Samples were centrifuged a t 15 800 g for 5 
m inutes and the  su p e rn a tan t decanted in to  fresh  tubes. DNA w as 
precipitated by the addition of 2 volumes of ethanol and incubation a t "20°C 
for 30 minutes. DNA was pelleted by centrifugation, and w ashed w ith 75% 
ethanol before drying for approxim ately 5 m inutes under vacuum . DNA 
pellets were resuspended in sterile dH2 0  and stored a t "20°C.
5.2.9. Agarose gel electrophoresis
DNA was separa ted  by agarose gel electrophoresis as described by 
Sambrook, et al. (1989). 0.7 to 1% agarose gels were prepared  by m elting
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agarose in an appropriate volume of either TBE (45 mM Tris-borate, 1 mM 
EDTA) or TAE (40 mM Tris-acetate, 1 mM EDTA). W hen cooled to hand 
tem perature, ethidium  bromide was added to a final concentration of 0.5 jig 
ml-1, the agarose poured into casting fram e and the gel allowed to set a 
room tem perature. W hen DNA fragm ents were to be excised from the gel, 
low m elting point agarose (Sigma) was used and the gels were cast and run  
a t 4°C. Samples were diluted 1:1 in 6  x sam ple buffer (0 .2 % bromophenol 
blue, 0.25% xylene cyanol, 40% (w/v) sucrose) and electrophoresed a t 60 V in 
e ith er TAE or TBE buffer u n til th e  xylene cyanol dye fron t w as 
approximately two th irds down the gel. The size of DNA fragm ents was 
estim ated by comparison to the  1 kb m arker ladder (Gibco BRL), which 
ranged from 12 kb to 75 bp. Bands were visualised by exposure to short 
wave ultraviolet light (366 nm).
5.2.10. Restriction of DNA
0.2 to 1 jig of DNA made up to 18 jil to tal volume w ith dH 2 0 , was mixed 
with 2 jil of the appropriate 10 x REACT buffer (Gibco BRL) and 1 to 2 units 
of restriction enzyme (Gibco BRL), followed by incubation a t 37°C for 60 
m inutes in a w ater bath. On completion of reactions, restric tion  enzymes 
were heat inactivated a t 65°C for 10  m inutes.
5.2.11. Mapping of X Zap clones by restriction digest and Southern  
blotting
Recombinant DNA from the X Zap clones was purified (see 5.2.8.), digested 
with a variety of restriction enzymes (see 5.2.10.) and run  on a 1% agarose 
gel (see 5.2.9.). Following electrophoresis the  gel w as denatu red  in a 
solution of 1.5 M NaCl, 0.5 M NaOH for 45 m inutes, neu tra lised  in 2 M 
NaCl, 0.5 M Tris-HCl, pH 7.4, for 30 m inutes and equilibrated in transfer 
buffer (50 mM phosphate buffer, 25 mM N aH 2P 0 4  pH 5.5 w ith  25 mM
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Na2HPC>4) for 30 m inutes. The DNA was transferred  to nylon m em brane 
filters (Hybond-N, Amersham) by capillary action for a t least 18 hours in 
tran sfe r buffer. The DNA was fixed to the m em brane by exposure to 150 
Joules short wave ultra-violet radiation using a GS Gene L inker (Biorad). 
P rior to hybridisation, Southern blots were first incubated w ith  15 ml of 
PIPES hybridisation buffer (50 mM Pipes pH 6 .8 , 100 mM NaCl, 50 mM 
sodium phosphate buffer, 1 mM EDTA, 5% SDS) a t 37°C for 60 m inutes. 
This buffer was discarded and labelled oligonucleotide probes (see 5.2.5.) 
added in a fu rther 15 ml of PIPES hybridisation buffer. Hybridisation was 
carried out overnight a t 37°C. The filters were washed three tim es w ith 3 x 
SSC, 3% SDS a t 37°C and exposed to autoradiography film a t "70°C (see 
5.2.6.)
5.2.12. Sub-cloning of X Zap cDNA clones
The sm all fragm ents identified in 5.2.11. as containing the  DNA binding 
sequences for the  degenera te  oligonucleotides w ere subcloned in to  
pB luescript SK (+/-) to facilitate  fu rth er sequencing. DNA w as first 
digested w ith the appropriate enzyme (see 5.2.11,). The Recessed ends of 
restriction fragm ents generated by digestion w ith M sp  I (clones 2C1A and 
4A1) or Rsa  I (clone 1C1A) were filled in prior to electrophoresis by adding 1 
(Lil each of dATP, dCTP, dGTP and dTTP (0.5 mM, Boehringer M annheim) 
and 2 u n its  Klenow DNA polym erase (Boehringer M annheim ) to the  
restricted DNA and incubating for 60 m inutes a t 37°C. Restriction digests 
were then subjected to electrophoresis through a 1% low m elting point TAE 
agarose gel. Bands of in terest were excised and purified using QIAquick gel 
extraction kit, according to m anufacturers instructions (Quiagen).
The pBluescript SK (+/-) vector was prepared for cloning by digestion with 
either Sm a  I for blunt ended cloning or w ith B am  HI for the  cloning of the
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Saw3Al fragm ent of 4E1A (see 5.2.10.). To prevent vector-vector ligations 
the cut vector was then  de-phosphorylated w ith  calf in te stin a l alkaline 
phosphatase (CLAP). 20 pg of restricted vector was extracted once w ith Tris 
sa tu ra ted  phenol and once w ith Tris sa tu ra ted  phenol:chloroform (1:1), 
ethanol precipitated (see 5.2.8.) and resuspended in 45 pi of dH^O. 5 pi of 5 
x CIAP buffer (500 mM Tris.HCl, pH 8.5, 1 mM EDTA) and 30 un its of 
CLAP (Gibco BRL) was then added and the m ixture incubated a t 37°C for 60 
m inutes. To inh ib it the  CIAP, p ro te inase  K w as added to a final 
concentration of 100 pg m l-1 and the m ixture incubated a t 56°C for 30 
minutes. The m ixture was heated to 75°C for 10 m inutes followed by phenol 
extraction and ethanol precipitation (see 5.2.8.).
Ligations were set up as follows; Cohesive end ligations were performed 
using 0.2 pg of insert DNA and 0.2 pg of cut vector DNA, while b lunt ended 
ligations using 0.6 pg insert DNA and 0.2 pg vector DNA were used. The 
DNA was made up to a total volume of 18 pi w ith dH2 0  and 2 pi of 10 x 
ligation buffer (500 mM Tris.HCl, pH 7.8, 100 mM dithiothreito l, 1 mM 
ATP, 25 pg ml-1 bovine serum albumin) and 100 units of T4 DNA ligase (400 
units m l-1, New England Biolabs) was added. The ligation reactions were 
incubated a t 16°C overnight.
5.2.13. Preparation of competent cells and transformation
1 ml of an overnight culture (see 5.2.6.) of E. coli XLl-Blue w as mixed with 
100 ml of TYM broth (20% tryptone, 0.5% yeast extract, 100 mM NaCl, 10 
mM MgS0 4 .7 H2 0 ) and incubated a t 37°C with shaking until an  absorbance 
a t 600 nm of 0.5-0.9 was reached. The cells were diluted to 500 ml w ith 
TYM broth and incubated further, until an  absorbance a t 600 nm  of 0.6 was 
reached. Cells were rapidly cooled in ice-water and th en  centrifuged a t 
4 200 g for 15 m inutes at 4°C. The cell pellet was re-suspended in 100 ml of
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ice-cold transform ation buffer I (TfBI, 30 mM potassium  acetate, 50 mM 
magnesium  chloride, 100 mM potassium  chloride, 10 mM calcium chloride, 
15% (v/v) glycerol) and centrifuged a t 4 200 g for 8 m inutes a t 4°C. The cells 
were then re-suspended in 20 ml of ice-cold TfBII (10 mM MOPS, pH 7.0, 75 
mM calcium chloride, 10 mM potassium chloride, 15% (v/v) glycerol). 100 pi 
a liquo ts were rap id ly  frozen on dry ice and  sto red  a t "70°C. For 
transfo rm ation , aliquots w ere kep t a t room tem p era tu re  u n til  ju s t  
beginning to thaw , before being placed on ice. DNA was added, and the  
cells left on ice for 30 m inutes followed by a h ea t shock of 42°C for 2 
m inutes. 600 pi of LB broth was added and the cells incubated a t 37°C for 
90 m inutes to allow the expression of antibiotic resistance m arkers encoded 
by the plasmid. Cells were then  plated out onto LB/ampicillin p lates to 
which 40 pi of X-gal (5-bromo-4 chloro 3 indolyl (3-D galactosidase, 20 mg 
m l'l  in dimethylformamide, Gibco BRL) and 4 pi of IPTG (isopropythio-|3-D 
galactosidase, 10 mg m l'l, Gibco BRL) had previously been spread on the 
surface and allowed to dry. Plates were incubated overnight a t 37°C, and 
w hite  recom binant colonies w ere picked and  s tre ak e d  onto fresh  
LB/ampicillin plates the next day.
5.2.14. Automated DNA sequencing
DNA fragm ents generated  in sequencing reactions w ere labelled  via 
extension from a sequencing prim ing oligonucleotide covalently coupled to 
an infrared fluorophore (laser dye IRD41). Excitation of labelled fragm ents 
by a laser diode em itting a t 785 nm allowed the  collection of the  DNA 
sequence image during electrophoresis through acrylamide by the  scanning 
of the gel with a microscope/detector (Middendorf, et a l ., 1992). Samples for 
sequence analysis were generated by combining approxim ately 500 ng of 
DNA (see 5.2.8.), 2 pmol of labelled T7 or T3 prim er, 2.5 pi of 10 x 
sequencing buffer (0.5 M Tris.HCl, pH 9.3, 25 mM m agnesium  chloride), 1
128
pi of BioPro therm ostable DNA polymerase (Bioline) and dH^O to a final 
volume of 17 pi. Into each of 4 thermocycler tubes was placed 2 pi of each 
dideoxy term ination  mix (180 pM 7-deaza-dGTP, 50 mM NaCl; 180 pM 
dATP, 50 mM NaCl; 180 pM dCTP, 50 mM or 180 pM dTTP, 50 mM NaCl) 
together w ith 4 pi of the tem plate/primer/enzym e mix. 30 pi of m ineral oil 
was placed on the top of each reaction m ixture and the tubes incubated in a 
thermocycler for the following cycles: initially 95°C for 5 m inutes; followed 
by; 95°C for 30 seconds (denaturing step), 60°C for 30 seconds (annealing 
step) and 70°C for 1 m inute (elongation step). A to ta l of 30 cycles were 
performed and the reactions m aintained a t 4°C. After the cycling program  
was completed, 4 pi of stop solution (95% formamide, 20 mM EDTA, pH 7.6, 
0.1% bromophenol blue, 0.1% xylene cyanol FF) was added to each reaction 
mix. Samples were denatured by heating  to 95°C for 3 m inutes prior to 
loading onto a 6 % acrylamide gel. Gels were prepared by dissolving 21 g of 
urea  in 6  ml of LongRanger™ gel mix (50%, FMC), 6  ml of 10 x TBE (890 
mM Tris base, 890 mM boric acid, 20 mM EDTA) and dH 2 0  to a  to ta l 
volume of 50 ml. The acrylamide solution was then  degassed for 15 m inutes 
before polymerisation was in itiated  by the addition of 25 pi TEMED and 
250 pi freshly made 10% APS. The gel was cast using 41 cm x 25 cm x 0.5 
cm LI-COR gel p lates and left for approxim ately  60 m inu tes to set. 
Assembly of the LI-COR 4000 DNA sequencer appara tus w as carried  out 
according to the m anufactures instructions. The upper and lower tanks 
were filled w ith 1 x TBE, and the gel was pre-run for approxim ately 30 
m inutes in order to a tta in  a running  tem pera tu re  of 50°C. 2 pi of each 
sample was loaded, and electrophoresis was carried out for approxim ately 
6.5 hours a t 1500 V, 35 mA. Sequence information was collected directly by 
computer.
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5.3. R esu lts
5.3.1. Immunoaffinity purification of the TaHBL20/125 antigen
To obtain sequence data  which would allow the isolation the gene encoding 
TaHBL20/125, the polypeptide had to be purified in sufficient quan tity  for 
m icroprotein sequencing. Often polypeptides of in te rest can be purified 
directly  by excision from sta ined  SDS-PAGE gels. However, s ta in in g  
acrylam ide gels w ith Coomassie blue or w ith Periodic acid-Schiff (PAS), a 
m ethod which specifically detects glycoconjugates, failed to clearly identify 
a polypeptide corresponding to TaHBL20/125 (data not shown). This could 
m ean th a t the  antigen was p resen t a t a low level in cell ex tracts, was 
disguised by another polypeptide of sim ilar m olecular m ass or w as not 
detected by these  sta in ing  m ethods. To both  purify and concen tra te  
TaHBL20/125, immunoaffinity purification using monoclonal antibody 4H5 
was undertaken. To generate an imm unoaffinity column it was necessary 
to first purify the antibody from hybridom a supernatan ts . The overall 
volume of hybridom a su p e rn a tan t was in itia lly  reduced by am m onium  
su lp h a te  p recip ita tion  (see 5.2.2.1 .), th en  th e  gam m a globulin  (IgG) 
enriched su lphate  cut fraction was passed over a protein  A sepharose 
column (see 5.2.2 .2 .). Protein A specifically binds to the  Fc region of IgG 
subclasses of antibody, binding to and subsequent elution from the  column 
resulted in the isolation of pure monoclonal antibody. Antibody containing 
fractions were identified on Coomassie stained SDS-PAGE gels and pooled. 
B ands corresponding  to th e  heavy (55 kD a) and  lig h t (25 kD a) 
immunoglobulin chains were visible in fractions 3 to 12. An absence of any 
other polypeptides confirmed th a t the antibody had  been efficiently purified 
(Figure 5.1.).
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Figure 5.1. Coom assie-stained SDS-PAGE gel of successive fractions of 
purified monoclonal antibody 4H5 eluted from protein A sepharose column 
using 100 mM glycine.
Lane 1 Monoclonal antibody 4H5 prior to passage over protein A
column
Lanes 2 to 16 successive elution fractions
6 8
10 11 12 13 14 15 16
TaHBL20/125 was thought to be present a t a  low level in cell extracts (see 
above) and was known to be glycosylated. To increase the  concentration of 
antigen, therefore, and to act as a crude purification step , TaHBL20 
extracts were initially enriched for glycoproteins by lectin chromatography. 
NP-40 extracts were passed over Con A sepharose, and bound glycoproteins 
e lu ted  w ith  th e  com peting su g a r, m eth y l-x -d -m an n o p y ran o sid e . 
Enrichm ent of the extracts was assessed by im m unoblotting w ith  the an ti­
glycoprotein antiserum . Comparison of the lectin eluted fraction (Figure
5.2. lane 3) w ith norm al NP-40 extracts of TaHBL20 (Figure 5.2. lane 1) 
showed significant enrichment of TaHBL20/125.
To purify the TaHBL20/125 antigen further, enriched lectin eluted fractions 
were passed over a biotinylated monoclonal antibody 4H 5/streptavid in  
sepharose im m unoaffinity  column. O ptim al elu tion  conditions w ere 
established in a prelim inary  experim ent. The level of TaHBL20/125 
obtained using a variety of reagents was assessed by im m unoblotting w ith 
the  anti-glycoprotein antiserum  (see 5.2.3.2.). Comparison of the  different 
conditions showed th a t 100 mM triethylam ine pH 11.5 gave the best elution 
profile (data not shown), and therefore was used, in the  subsequent larger 
scale antigen purifications.
To increase the  am ount of TaHBL20/125 isolated using the  monoclonal 
antibody 4H5 im m unoaffinity column, g rea te r volumes of Con A lectin 
e luate  were passed over a la rger b io tiny lated  m onoclonal antibody 
4H 5 /strep tav id in  im m unoaffin ity  colum n (see 5 .2 .3 .2 .). F rac tio n s 
containing TaHBL20/125 were identified as before by im m unoblotting w ith 
th e  an ti-g ly co p ro te in  a n tise ru m  (F ig u re  5.3.). S im u lta n e o u s  
im m unoblotting of elu ted fractions w ith  E xtrA vidin an ti-s trep tav id in  
antibody also allowed an estim ation of the effect of elution conditions on the
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Figure 5.2. Analysis of a TaHBL20 extract before and after ConA lectin 
chrom atography by im m unoblotting and probing w ith  anti-glycoprotein 
antibody. Arrow indicates position of TaHBL20/125.
Lane 1 TaHBL20 NP-40 extract 
Lane 2 Unbound fraction
Lane 3 methyl-x-d-mannopyranoside eluted fraction
1 2 3
kDa
205>
116>
97>
<
Figure 5.3. Elution profile of the TaHBL20/125 antigen from biotinylated 
monoclonal antibody 4H5 /streptavidin sepharose immunoaffinity column. 
2 0  p i of each elution sam ple was im m unoblotted w ith both the  a n ti­
glycoprotein an tiserum  and ExtraAvidin antibody. Lanes 1 to 8 refer to 
successive eluted fractions.
Figure 5.4. Coom assie-stained SDS-PAGE gel of a concentrated sam ple 
e lu ted  from  th e  b io tiny la ted  monoclonal antibody 4H 5/strep tav id in  
immunoaffinity column. Location of the TaHBL20/125 antigen is indicated 
by an arrow
1 2 3 4 5 6 7 8
kDa
£116
66>
45 >
29 >•
kDa
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coupling of the antibody to the sepharose column. No bands corresponding 
to the  antibody were seen in  the  eluted fractions (Figure 5.3.). This 
indicated  th a t  significant am ounts of antibody were not lost from the 
column and it  could therefore, be used for repeated  rounds of an tigen  
isolation. The immunoaffinity purification procedure was repeated  using 
the  sam e column and fresh Con A enriched fractions a to ta l of 9 tim es. 
After th is time, the column failed to yield any fu rther significant am ounts of 
antigen. The antigen containing fractions from each round of purification 
w ere identified and pooled together. To increase the  concentration  of 
TaBL20/125 still further, the  pooled fractions were lyophilised and re ­
suspended in reduced volume of dH^O. A sm all sam ple of the  purified 
antigen was run  on an acrylamide gel and stained w ith Coomassie blue to 
asses purity  (Figure 5.4.). A larger sam ple was then  W estern blotted in 
preparation for microprotein sequencing (see 5.2.4.).
5.3.2. Amino acid sequencing of the TaHBL20/125 antigen
The N term inal region of TaHBL20/125 was sequenced (section 5.2.4.) and 
the amino acid sequence obtained presented in Table 5.2. Com parison of 
the peptide w ith sequences in the Swiss Prot da ta  base showed th a t  the N- 
term inal of the TaHBL20/125 antigen had a 64% identity  to the  hum an 
ICAM-1 (Staunton, et a l ., 1988) and, taking conservative substitu tions into 
account (Sambrook, et al., 1989) it was found th a t there was 82% sim ilarity 
w ith this molecule (Figure 5.5.). The amino acid sequence of TaHBL20/125 
was also compared to the ICAM-1 N-term inal amino acid sequence of mouse 
(Ballantyne, et al., 1989), ra t  (Kita, et al., 1992) and dog (M anning, et al., 
1995) ICAM-1 (Figure 5.6). A comparison of these sequences w ith  hum an 
ICAM-1 was also carried out (Table 5.3.). This analysis revealed th a t there 
w as betw een 42% and 52% iden tity  w ith  hum an  ICAM -1  across the  
complete sequence, w hile lower iden tity  (between 36% and 45% ) was
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Table 5.2. Amino acid sequence of the  N -term inal region of the  
TaHBL20/125 antigen. A (?) indicates an amino acid where the residue was 
present in  a concentration too small to be distinguished.
Amino acid 
num ber
Amino acid Amino acid 
abbreviation
Amino acid 
symbol
Num ber 
of codons
1 Glycine Gly G 4
2 Isoleucine He I 3
3 Serine Ser S 6
4 Isoleucine lie I 3
5 Alanine Ala A 4
6 Proline Pro P 4
7 Serine Ser S 6
8 Lysine Lys K 2
9 Alanine Ala A 4
10 Isoleucine lie I 3
11 Isoleucine lie I 3
12 Proline Pro P 4
13 Arginine Arg R 6
14 Glutamine/ Glx Z 2 /2
Glutamic acid
15 Aspartic acid Asp D 2
16 Threonine Thr T 4
17 Leucine Leu L 6
18 Threonine Thr T 4
19 ?
20 Proline Pro P 4
21 ?
22 ?
23 Asparagine Asn N 2
24 Serine Ser S 6
Figure 5.5. Comparison of the  TaHBL20/125 antigen and hum an ICAM-1 
amino acid sequences.
Figure 5.6. Comparison of the N-term inal amino acid sequence of hum an 
ICAM-1 w ith those of mouse, rat, dog and w ith the amino acid sequence of 
the TaHBL20/125 antigen. Dashed lines represent amino acids identical to 
th e  h um an  sequence. The N -term inal residue  of the  firs t Ig like 
extracellular dom ain is m arked with an arrow. Residues discussed in the 
tex t as im p o rtan t for hum an  ICAM-1 b inding  to LFA-1 are  boxed.
TaHBL20/125 3S I
•
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Table 5.3. Com parison of the  percentage sim ilarity  and percentage 
iden tity  betw een the  hum an ICAM-1 amino acid sequence and those of 
mouse, ra t  and dog over the entire  length of the  molecule, and  over the  
region of homology corresponding to the  TaHBL20/125 am ino acid (aa) 
sequence (residue 30 to 40 in hum an ICAM-1, see Figure 5.5.) .
Entire molecule TaHBL20/125 aa  region
% sim ilarity % identity % sim ilarity % identity
58 52 54 45
58 42 45 36
56 52 54 45
82 64
Rat ICAM-1 
Mouse ICAM-1 
Dog ICAM-1 
TaHBL20/125
obtained when the comparison was made over the region corresponding to 
the TaHBL20/125 amino acid sequence. In contrast, TaHBL20/125 showed 
a 64% identity  w ith hum an ICAM-1 over th is region, indicating th a t the 
homology of TaHBL20/125 was higher th an  th a t observed w ith  any other 
species.
To fu rther investigate the relationship between TaHBL20/125 and hum an 
ICAM-1 , fixed slide preparations of infected TaHBL20 and uninfected BL20 
cells w ere tes ted  for reactiv ity  by IFA w ith  an  an ti-h u m an  ICAM-1 
monoclonal antibody. As a control HL-60 cells were also tes ted  for 
reactivity. Normal HL-60 cells showed no reactivity w ith the  anti-ICAM-1 
monoclonal antibody (Figure 5.7.A). Following induction of differentiation 
tow ards m acrophages w ith PMA (see 3.2.1.) m ost of the  cells displayed 
bright positive reactivity (Figure 5.7.B). No reactivity was observed using 
this antibody with either BL20 or TaHBL20 (Figure 5.7. C and D).
5.3.3. Oligonucleotide screening of a X Zap D7/37 cDNA library
The amino acid sequence da ta  obtained for TaHBL20/125 w as used to 
design oligonucleotide pools to screen the X Zap D7/37 cDNA library. Due to 
the redundancy of the  genetic code, the  nucleotide coding sequence of 
TaBL20/125 contained codons w ith twofold, threefold, fourfold and sixfold 
am biguity (Table 5.2.). This made the design of oligonucleotides difficult. 
To synthesis the oligonucleotide pools, nucleotide sequence derived from the 
amino acid sequence starting  a t residue 8 (lysine) to residue 13 (arginine) 
was chosen, as th is represented the longest and least degenerate stretch  of 
amino acids. A comprehensive pool of oligonucleotides rep resen ting  all 
possible nucleotide coding sequences for the peptide was calculated as 
having 576 possible nucleotide coding sequences (2 x 4 x 3 x 3 x 4 x 2). To 
lower this degeneracy, inosine was included to replace the first nucleotide of
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Figure 5.7. Im m unofluorescence reactiv ity  of an an ti-hum an  ICAM-1 
monoclonal antibody on fixed slide preparations of; (A) HL-60 cells; (B) HL- 
60 cells induced to d ifferen tiate  tow ards m acrophages by a  24 hour 
incubation w ith 20 ng m l-1 PMA; (C) BL20 cells; (D) TaHBL20 cells.
(Bar = 10 pm).

the  codon for arginine a t position 13, and the oligonucleotide was truncated  
a t the second base of th is codon. These modifications reduced the  num ber of 
coding sequences required to 288 (2 x 4 x 3 x 3 x 4). A fu rther reduction in 
degeneracy was accomplished by synthesis of the oligonucleotides in four 
separate  pools, each containing 72-fold degenerate, 17-base oligonucleotides 
(Figure 5.8.). This was predicted to increase the  m olar concentration of the 
exact m atch oligonucleotide sequence w ithin the pool, which would enhance 
the  probability of detection of a positive plaque.
As the pools of oligonucleotides comprised of individual sequences w ith 
variable  G and C contents, it was impossible to estim ate the  consensus 
m elting  tem p era tu re  of hybrid isation  (Tm) for the  pool as a whole. 
However, using the formula given by Itakura, et al. (1984) it was possible to 
calculate the lowest and highest possible Tm for each oligonucleotide pool to 
be 44°C and 54°C respectively (Figure 5.8.). In order to m axim ise the 
num ber of positive clones isolated, the T. annulata  D7/37 cDNA library  in X 
Zap was screened using conditions of very low stringency (see 5.2.6.). All 
hybridisations were carried out a t 37°C, i.e. 7°C below the lowest calculated 
Tm, and the filters were washed a t 37°C w ith 6  x SSC, 0.5 % SDS. A total 
of 1.2 x 105 recom binant phage were screened w ith  each of th e  4 
oligonucleotide pools. 5 positive plaques were identified and purified to 
homogeneity by successive rounds of screening (Figure 5.9.).
5.3.4. Characterisation of the X Zap clones
To aid in the isolation of DNA from the X Zap clones phagem ids of each 
clone were isolated by in vivo excision in to  the  pB luescrip t SK (+/-) 
phagemid vector (see 5.2.7.). The phage clones were allowed to infect cells 
which were co-infected with the filamentous helper phage R480. Inside the 
cell, trans-acting  proteins from the helper phage recognise two separa te
134
Figure 5.8. Design of oligonucleotide pools (POA1 to 4) tak ing  into account 
the variability in nucleotide trip lets which encode the amino acid sequence 
of the  TaHBL20/125 antigen. M elting tem perature  of hybridisation (Tm) 
for the oligonucleotides was estim ated according to (Itakura, et al., 1984). 
For the lowest Tm, the  varian t nucleotide is assum ed to be either A or T. 
For the highest Tm the varian t nucleotide is assumed to be either G or C.
N ° 8 9 10 11 12 13
aa lys ala ile ile pro arg
seq A A A G C T A T T A T T C C T A G
G C C C C C
A A A A
G G
POA1 A A R G C Y A T H A T H C C Y I G
POA2 A A R G C Y A T H A T H C C R I G
POA3 A A R G C R A T H A T H C C Y I G
POA4 A A R G C R A T H A T H C C R I G
Y= C or T R= A or G
H= T, C or A 1= inosine
Tm: 2(A+T+I) + 4(G+C)
Lowest Tm: 2(12) + 4(5) = 44°C 
Highest Tm: 2(7) + 4(10) = 54°C
F ig u re  5.9. P laque lifts of X Zap D7/37 cDNA clones following te r tia ry  
screening using degenerate oligonucleotides POA1, 2 and 4.
Letter Clone Oligonucleotide
A 1C1A POA1
B IE  1A POA1
C negative control POA1
D 2C1A POA2
E negative control POA2
F 4A1 POA4
G 4E1A POA4
H negative control POA4

I
I
[
I
domains (initiator and term inator) positioned w ithin the  X Zap vector arm s. 
Both of these signals are recognised by the helper phage gene II protein and 
a new DNA strand is synthesised. This strand  is circularised and packaged 
as a filamentous phage by the helper phage proteins and secreted from the 
cell. The resulting pBluescript plasmids were then  recovered by infecting 
the  F' containing XL 1-Blue MRF' bacterial stra in , and plasm id DNA was 
prepared as described in 5.2.8. To estim ate the  size of the  X Zap cloned 
inserts, DNA was restriction digested w ith S m a l  and K pnl or Pst I and A pa  
I (see 5.2.10.), and the  products analysed by agarose gel electrophoresis 
(Figure 5.10.). The pBluescript SK (+/-) vector DNA is visible as a  band of 
approximately 3 kb (Figure 5.10 lanes 1 to 5). Analysis of the digested DNA 
from the clones showed additional DNA fragm ents corresponding to the  
inserted  cDNA. Clones 1C 1A, 1E1A, 2C1A and 4E1A had in se rt sizes in 
excess of 3.5 kb, while 4A1 had  the sm allest in sert of only 1 .6  kb (Table
5.4.).
The 5' and 3' end of each insert was then  sequenced using the  T3 and T7 
prim ers respectively (see 5.2.14.). The X Zap D7/37 cDNA lib ra ry  was 
constructed such th a t, the 5' of each cDNA clone w as in serted  in to  the  
EcoRl site of the X Zap vector using EcoBl adapters and the 3' of each cDNA 
w as inserted  into the  X h o  I site  of the  vector using  Xho  I adap ters . 
Therefore, the 5' end of each cDNA clone should have corresponded to the  
N -term inal amino acid sequence of the peptide encoded by th a t  sequence. 
The orientation of the cloned cDNA inserts was confirmed as trac ts  of poly 
A sequence were seen a t the 3' end of each cDNA clone. Comparison of the 
nucleotide sequence or predicted 5' peptide sequences of each clone to the 
TaHBL20/125 N -term inal peptide or the  predicted nucleotide sequence 
failed to identify any homology (see appendix). Thus, it was concluded th a t 
none of the isolated cDNA clones encoded the polypeptide of in terest.
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Figure 5.10. Agarose electrophoresis analysis of c DNA clones isolated 
from the  X Zap D7/37 cDNA library. cDNA clones were digested w ith 
restriction enzymes; (A) Kpn I and Sm a  I or (B) Pst I and A pa  I to release 
insert DNA.
Lane 1 1C1A 
Lane 2 1E1A 
Lane 3 2C1A 
Lane 4 4A1 
Lane 5 4E1A
Table 5.4. Approximate size of the inserts of cDNA clones estim ated by 
restriction digest and agarose gel electrophoresis.
Clone Size of insert (kb)
1C 1A 4.3
IE  1A 5.5
2C1A 4.5
4A1 1.6
4E1A 3.5
(A)
k b
4.0.
3.0-
2 . 0^
1 . 6-
1 . 0 ‘
0 .5 '
(B)
1 2 3 4 5
k b
5 .0
4 . 0 ^
3 . 0 ^ _
2.0>^_
1 .6 ^ “
1 . 0 ^ “
I t  was possible th a t the sequence encoding TaHBL20/125 m ight not be 
present a t the 5' end of the cDNA clone. Therefore, ra th e r th an  sequencing 
th e  en tire  DNA in se rt of each clone, sm aller DNA fragm ents, w hich 
hybridised to the  appropriate oligonucleotide probe, were identified and 
subcloned. DNA from each clone was digested w ith a num ber of restriction 
enzymes and the products analysed by agarose gel electrophoresis. The gel 
was then  Southern blotted (see 5.2.11.) and hybridised w ith the  appropriate 
oligonucleotide probe. Sm aller DNA restriction fragm ents were identified 
which were detected by the pooled oligonucleotide probes (Figure 5.11.). 
Fragm ents generated by digestion w ith the sam e restriction enzymes were 
then  purified by low m elting point agarose gel electrophoresis and  sub ­
cloned into the pBluescript SK (+/-) vector (see 5.2.12.). This procedure was 
carried out for all the original positive clones except clone 1E1A. W hen 
DNA from th is clone was digested w ith  restric tion  enzymes, it did not 
produce any  sm all frag m en ts  w hich h y b rid ised  w ith  th e  POA1 
oligonucleotide probe (Figure 5.11. lanes 4 to 6 ), and tim e constrain ts did 
not perm it any further investigation of this clone.
DNA was prepared from six white colonies of each of the subclones, DNA 
inserts were released by digestion w ith restriction enzymes, and  analysed 
by agarose gel electrophoresis. Positive subclones were iden tified  by 
Southern blotting w ith the appropriate oligonucleotide probe (Figure 5.12). 
1C1A subclones 1, 3 and 5 contained hybridising DNA fragm ents of the  
expected size (0.7 kb) and 3 was selected for subsequent sequence analysis 
(Figure 5.12.A). Subclones 2 and 4 of 2C1A contained hybridising DNA 
fragm ents of the expected size (0 .6  kb) and 2  was subsequently sequenced 
(Figure 5.12.B.). All 6  subclones of 4A1 contained hybrid ising  DNA 
fragm ents of the expected size (1.2  kb) and 2  was subsequently sequenced
136
Figure 5.11. Southern  blot analysis of cDNA clones following digestion 
w ith  a v a rie ty  of restric tion  enzym es and probing w ith  degenerate  
oligonucleotides as indicated.
Lane Clone Restriction Probe Size of
enzyme subcloned
fragm ent
1 1C LA SauSA  I POA1
2 1C1A Msp I POA1
3 1C1A Rsa  I POA1 0.7 kb
4 1E 1A Mbo I POA1
5 1E1A Msp I POA1
6 IE  LA Rsa  I POA1
7 2C1A Mbo I POA2
8 2C1A Msp I POA2 0 .6  kb
9 2C1A Rsa  I POA2
10 4A1 Mbo I POA4 1.2  kb
11 4A1 Msp I POA4
12 4A1 Rsa  I POA4
13 4E1A Sau3A POA4 0.25 kb
14 4E1A Msp I POA4
1 2 3 4 5 6 7 8 9 10 11 12 13 14
«
kb
2-°,
1 . 6 '
1.0
4
0.50
0.40
0.30
0.20
Figure 5.12. Southern blot analysis of cDNA subclones following digestion 
w ith B arnR I and EcoRI restriction enzymes and probing w ith degenerate 
oligonucleotides as indicated. A * indicates the  subclone subsequently  
selected for sequencing.
A; 1C1A subclones 1-6 probed w ith oligonucleotide POA1 
B; 2C1A subclones 1-6 probed w ith oligonucleotide POA2 
C; 4A1 subclones 1-6 probed w ith oligonucleotide POA4 
D; 4E1A subclones 1-6 probed w ith oligonucleotide POA4
(A)
1 2 3 * 4 5 6
kb
3 .0 v_ |
2 .0s_
1 .6 ' '” •  •
1 .0 ^ " •  •  •
0 .5 ^
(B)
1 2 * 3 4 5 6
kb
3 .0 s_
2 .0^_
1 .6^ ”
1 .0 ^ “
m »
0 .5 ^ “
(C) (D)
1 2 * 3 4 5 6 1 2 3 4 * 5 6
kb
3.0
0.5
(Figure 5.12.C). 4E1A subclone 4 contained a hybridising DNA fragm ent of 
the expected size (0.25 kb) and a higher band (3.5 kb) which was thought, 
from the size estim ation, to represent a pa rtia l digestion product ra th e r  
th an  a repetition of the oligonuclotide target sequence (Figure 5.12.D). The 
sm aller DNA fragm ents of the  four subclones were sequenced in  both 
directions. Com parison of the  nucleotide sequence or deduced peptide 
sequences of each clone to th a t of the N -term inal sequence obtained for 
TaHBL20/125 or the to deduced nucleotide sequence failed to identify any of 
the subcloned inserts as having homology w ith the  antigen recognised by 
monoclonal antibody 4H5. I t was concluded therefore, th a t  th e  gene 
encoding TaHBL20/125 had  not been identified  using  the  approach  
described above.
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5.4. D iscu ssion
To clone the gene encoding TaHBL20/125, im m unoaffm ity purification of 
the antigen, followed by peptide sequencing was performed. To maximise 
the am ount of antigen obtained, TaHBL20 extracts were first enriched for 
glycoproteins by Con A lectin affinity chromatography before passage over a 
4H5 im m unoaffm ity column. Com parison of im m unoblots of e luates 
following passage over the lectin column (Figure 5.2.) w ith eluates following 
passage over the  monoclonal antibody 4H5 b io tin /strep tav id in  column 
(Figure 5.3.) showed th a t complete purification of TaHBL20/125 had  been 
achieved. In addition, when a sample of the purified antigen was ru n  on an 
acrylam ide gel and stained w ith Coomassie blue no other contam inating 
polypeptides, which may not have been recognised by the anti-glycoprotein 
antibody, were present (Figure 5.4.).
An N-term inal peptide sequence of 18 amino acids was obtained and when 
th is sequence was compared to other polypeptides in the Swiss P ro t data  
base by BLAST search, a 82% sim ilarity, 64% identity  to hum an ICAM-1 
was found. ICAM -1  is a m em ber of the  im m unoglobulin superfam ily 
(Staunton, et al., 1988) and is a single chain heavily glycosylated tra n s ­
m em brane protein, which has five ex tracellu lar Ig-like dom ains. The 
molecule displays a variable molecular weight of between 76 kDa and 114 
kDa dependant on tissue specific glycosylation (Clark, et al., 1986; Dustin, 
et a l., 1986). Cell adhesion is m ediated by the binding of ICAM-1 to the cell 
surface ligand LFA-1 (lymphocyte function-associated an tigen-1) which is 
expressed on all leukocytes (Dustin, et a l., 1986; Rothlein, et a l ., 1986). 
Interaction of ICAM-1 and LFA-1 is essential for cell m ediated cytotoxicity 
(Schmidt, et a l ., 1985; Shaw, et a l ., 1986), the interaction of T and B cells 
(Sanders, et al., 1986) and the homotypic adhesion of monocytes and B cells
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(Mentzer, et al., 1986; M entzer, et al., 1985). In  addition ICAM -1 is 
necessa ry  for lym phocyte-endothelial cell adhesion  and  fac ilita te s  
lymphocyte m igration to the  sites of inflam m ation (Dustin and Springer, 
1988).
Com parison of the  hum an ICAM-1 amino acid sequence to the  ICAM-1 
sequences of different species indicates a 42% to 52% identity  over the 
entire molecule (Table 5.3.). When a sim ilar comparison is m ade over the 
region corresponding to the TaHBL20/125 peptide sequence, the  percentage 
identity  of different species to hum an ICAM-1 is much lower. In contrast, 
TaHBL20/125 shows a 64% identity  w ith hum an ICAM-1. A sim ilar high 
percentage of homology was recently reported for the bovine ICAM-3, where 
th is molecule was found to have 61% and 58% identity  to hum an ICAM-3 
and ICAM-1 respectively (Lee, et al., 1996). This suggests th a t  ICAM-1 
polypeptides are  more closely re la ted  betw een bovines and  hum ans 
compared to other species analysed
A comparison of the N-term inal ICAM-1 amino acid sequences from various 
species and the obtained amino acid sequence of TaHBL20/125 was made 
(Figure 5.6.). The obtained amino acid sequence of TaHBL20/125 was found 
to be homologous to the  s ta r t  of the  firs t Ig like dom ain of ICAM-1 
(Staunton, et al., 1990). The preceding amino acids correspond to the  signal 
peptide which ensures surface expression of ICAM-1 (Manning, et al., 1995; 
Staunton, et al., 1990). TaHBL20/125 is known to be located on the surface 
of the infected cell (Shiels, et al., 1989 and C hapter 2 ), therefore, it  is likely 
th a t the corresponding signal peptide on the TaHBL20/125 would have been 
removed during transport of the antigen to the cell surface. The arginine40 
and glycine41 (Figure 5.6.) residues in the N-term inus of ICAM-1 have been 
established as im portant for the  binding to LFA-1 (Staunton, et al., 1990)
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and are conserved in all bu t m urine ICAM-1. U nfortunately , although 
TaHBL20/ was found to contain an arginine a t residue 13, it did not contain 
a glycine a t residue 14 (Table 5.2.). Clearly, the  presence of both these 
residues would support the  identification of TaHBL20/125 as the  bovine 
homologue of ICAM-1. A monoclonal antibody against hum an  ICAM-1 
failed to show any reactivity w ith Theileria  infected cells (Figure 5.7. D.). 
This in itse lf does not preclude the possibility th a t TaHBL20/125 is the 
bovine homologue of ICAM-1, as the specific epitope for the  antibody could 
be absen t in  the  bovine molecule. I t is also unknow n w h e th er th is  
monoclonal antibody cross reacts with the bovine homologue. A lternatively, 
it  is possible th a t TaHBL20/125 represents a related  CAM w ith structu ra l 
motifs which are conserved in hum an ICAM-1.
There are striking sim ilarities in the general size, location and variation in 
molecular m ass observed between ICAM-1  and TaHBL20/125. In  vitro, 
cells infected by T. annulata  are characteristically adherent to each other, 
often forming large clumps in culture m edia which are clearly visible. It 
would seem likely therefore, th a t host cell adhesion molecules are  up- 
regulated following infection by the parasite . Studies on T. parva  have 
shown th a t continuous proliferation requires surface stim ulation m ediated 
through cell-cell contact (Dobbelaere, et al., 1991). The ability to respond to 
surface stim ulation was found to be dependant on the continued presence of 
the parasite, as removal by theilericidal drugs resulted  in the  loss of the 
response. These experim ents dem onstrate a role for cell-cell contact in 
Theileria  infected cells and im plicate molecules such as ICAM-1 in  th is 
im portant process.
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ICAM-1 is only norm ally detected in very few cell types (Rothlein, et al., 
1986). However, expression of ICAM-1 is rapidly up-regulated in vitro and 
in vivo by proinflam m atory cytokines such as IFN-y, IL-1(3 and TN F-a 
(Dustin, et a l., 1986; Lane, et a l ., 1989; Springer, et a l ., 1987). These 
cytokines have been shown to be produced by T h eileria  infected cells 
(Ahmed, et a l ., 1993; Brown, et a l ., 1995; Preston, et a l ., 1993) and could 
therefore be im plicated in the  m echanism  of ICAM-1 up-regulation  in 
infected cells. In addition, the  transcrip tional regulation  of ICAM-1 is 
known to be controlled, a t least in part, by the transcrip tion  factor NF-kB 
(Voraberger, et a l., 1991). Increased expression of th is transcrip tion  factor 
has also been shown in Theileria infected cells (see 1.7.), allowing a putative 
connection to be made between the changes in gene expression known to 
accompany im m ortalisation by the parasite  and the possible expression of 
ICAM-1.
Peptide sequence data  had suggested th a t TaBL20/125 could be a CAM, but 
in  order to corroborate th is  finding it  w as necessary  to clone the  
represen tative  cDNA and obtain nucleotide sequence da ta . By back- 
tran sla ting  the amino acid sequence it was hoped th a t  oligonucleotides 
could be designed which would allow the screening of a cDNA library to be 
undertaken. U nfortunately, the  amino acid sequence da ta  obtained was 
highly redundan t w hich m ade the  design of oligonucleotide probes 
problematic. A possible way of overcoming th is redundancy would be to 
obtain additional in te rnal sequence by generating  peptide fragm ents by 
limited proteolysis of the rem aining purified antigen. However, although 
th is was attem pted, the peptide fragm ents sequenced w ere found to be 
autolytic digestion products of the protease enzymes used (data not shown).
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Two possible approaches are available for the  design of oligonucleotide 
probes from degenerate amino acid sequence. E ither a guessm er can be 
designed based on th e  codon b ias d isp layed  by bovine genes or 
oligonucleotide pools containing all possible coding sequences can be 
synthesised. When designing a guessm er an  oligonucleotide probe could be 
expected to have at least 76% homology w ith the target gene by chance, and 
th is can be increased to over 80% if the  codon u tilisation of the  species of 
in terest is known (Sambrook, et al. , 1989). Comparison of the  sequences of 
guessmers with those of the target gene show th a t successful identification 
can be achieved w ith homologies as low as 71% (Derynck, et a l ., 1985). 
However, almost all guessm er oligonucleotide probes which have been used 
successfully contain regions th a t m atch exactly w ith  the  ta rg e t sequence 
(Sambrook, et al., 1989). Codon bias is both species and tissue specific and 
a t the time when the oligonucleotides were designed, few bovine CAMs had 
been identified. In addition, as it was not possible to incorporate an  exactly 
m atching stretch of sequence into the  guessm er, it seem ed th a t  using a 
pooled oligonucleotide approach had a greater chance of being successful.
Degenerate oligonucleotide probes have been used successfully to clone 
target genes. For example, Orkin, et al. (1983) used a 17mer w ith 64 fold 
degeneracy to clone the hum an deam inase gene and Bell, et al. (1984) used 
a 23m er w ith  256 fold degeneracy to clone th e  gene for h u m an  
preproinsulin-like growth factor. The longest and least degenerate stretch  
of amino acid sequence for TaHBL20/125 an tigen  was used to design 4 
oligonucleotide pools each containing 72 of th e  288 possible coding 
sequences (Figure 5.8.). A fu rth e r com plication of using  degenerate  
oligonucleotide probes is encountered when trying to optimise hybridisation 
conditions. As the target sequence was unknown, the  Tm of the  m atching 
oligonucleotide could not be accurately estim ated. Conditions had  to be
142
used which allowed the oligonucleotide w ith the lowest G + C content to 
hybridise efficiently. One possible way to overcome th is problem  is to 
hybridise the  probes in solvents which contain tetram ethylam m onium  
chloride (TMAC1). In these solvents, the Tm of a hybrid is independent of 
its base composition and dependant prim arily on its length (Jacobs, et al., 
1985; Wood, et al., 1985). However, prelim inary experim ents using th is 
method were unsuccessful. These screenings gave an unacceptable am ount 
of background hybridisation, m aking the identification of positive clones 
impossible. In view of this, subsequent hybridisations were carried out in 
PIPES buffer a t a lower tem perature  of 37°C, i.e. 7°C below the  lowest 
possible calculated Tm (see 5.2.6.). Using such low stringency conditions 
can lead to the isolation of high num bers of false positives, as m ism atched 
hybrids formed with oligonucleotides of a higher G + C content m ay be more 
stable than  the perfectly m atching hybrid.
DNA was isolated from the five positive clones detected by the  screening 
procedures and the size of the inserts estim ated. The antigen in  TaHBL20 
was 125 kDa, therefore it was possible to estim ate th a t the  DNA coding 
sequence for this molecule should be approximately 2.0 kb (100 kDa = 1.575 
kb, (Sambrook, et al., 1989)). However, because the molecule was known to 
be glycosylated and th e  con tribu tion  m ade by p o st-tran sc rip tio n a l 
modifications to the overall size of the polypeptide was unknown, the  DNA 
coding sequence for th is  molecule could be sm aller th a n  estim ated . 
Therefore, while all the clones apart from 4A1 had insert sizes of 2.0 kb or 
larger, the 4A1 clone w ith an insert size of 1.6 kb could not be discounted on 
size alone.
The orientation of the cDNA inserts was confirmed by sequencing of the 3' 
ends. The N-term inal of the polypeptide corresponded to the 5' term inal of
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the  DNA sequence. Therefore, if the 5' end of the cloned DNA sequences 
were translated , the TaHBL20/125 amino acid sequence should be present. 
At least 0.4 kb of the 5' end of each cDNA clone was sequenced bu t no 
homology was found between the predicted coding sequences of the  cDNA 
clones and the peptide sequence of TaHBL20/125. In addition, comparison 
of clone sequences w ith nucleotide and amino acid sequences in  the  data  
base did not identify any of the clones as having homology w ith  known 
genes. To ensure th a t the region to which the oligonucleotides were binding 
had been sequenced, DNA from the cDNA clones was digested w ith  a range 
of re s tr ic tio n  enzym es and  S o u th e rn  b lo tted  w ith  th e  re le v a n t 
oligonucleotide probe. Small DNA restriction fragm ents, which bound the 
oligonucleotides were identified  and  sub-cloned. The in se r ts  w ere 
sequenced in both directions, however no homology to the 4H5 amino acid 
sequence or deduced nucleotide sequence was found in any of the subclones.
A lthough disappointing, it is not en tire ly  su rp rising  th a t  th e  lib rary  
screening failed to identify the gene encoding the antigen recognised by 
monoclonal antibody 4H5. The amino acid sequence obtained for th is 
antigen was so degenerate th a t it made the design of specific oligonucleotide 
probes extremely difficult. I t is possible th a t some of the oligonucleotides 
w ithin  each pool would bind to DNA sequences in  the  library  by chance, 
lead ing  to th e  iso lation  of false positives. A lthough one of th e  
oligonucleotide pools should have contained an exact m atch to the  targe t 
gene, optim ising the  hybridisation conditions for th is sequence w as not 
possible. In addition, the low stringency hybridisation conditions which 
were used would also increase the probability of isolating false positives. It 
seem ed likely therefore, th a t  th e  in h eren t lim ita tions in  th e  cloning 
stra tegy  led to the non-specific hybridisation and random  isolation of the 
cDNA clones. In the absence of fu rther in ternal sequence to confirm the
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isolation of cDNA clones, th is strategy always contained appreciable risk  of 
failure. Clearly any fu ture studies would either have to obtain fu rth er 
am ino acid sequence data , or use an a lterna tive  approach such as the 
design of guessm ers base on the  recently  published bovine ICAM-3 
sequence (Lee, et al., 1996) or oligonucleotide probes based  on CAM 
consensus nucleotide sequences, to clone the gene encoding TaHBL20/125.
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C hapter 6
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G eneral D iscussion
One of the prim ary aims of the work presented in th is thesis was to identify 
the  gene encoding the variable m olecular w eight an tigen  recognised by 
monoclonal antibody 4H5 in T.annulata  infected cells. This molecule was 
thought to represent a host molecule up-regulated by the  presence of the 
p a ra s ite  w ith in  the  host cell. Iden tification  of th e  gene encoding 
TaHBL20/125 would, therefore, provide a model system  for fu rth e r  
investigations into the m echanism of the parasite  control of host cell gene 
expression.
A ttem pts to establish a direct association between infection by the parasite  
and the induction of TaHBL20/125 expression were inconclusive. Infection 
of the lymphosarcoma cell line BL20 w ith T. annulata  sporozoites did not 
im m ediately induce expression of TaHBL20/125, b u t expression was 
observed after the  newly infected cell lines were subjected to prolonged 
culture in vitro. These findings were in contrast to the  resu lts of a  sim ilar 
study  (Leila Ben-Miled, unpublished data) in  which periphera l blood 
leukocytes were shown to express TaHBL20/125 soon after infection by the 
parasite. It was concluded th a t sporozoite infection of PBLs was probably 
more indicative of the in vivo situation, as it was unknown how infection of 
an already transform ed cell line m ight influence the  norm al sequence of 
im m ortalisation events brought about by the  parasite . N evertheless, 
alterations to the BL20 cell line caused by the presence of the  parasite  had 
clearly taken  place, as soon after infection large clumps of infected cells 
were seen in the cultures and the ra te  of cell proliferation was increased. In 
the future, it m ay be of in terest to exam ine the  process of a ltered  gene 
expression in the transform ed BL20 cell line compared to norm al host cells. 
Such studies could determ ine which a ltera tions are  a p rim ary  resu lt of
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infection and, w he ther the  p a ra s ite  a lte rs  th e  control of host cell 
proliferation in a m anner distinct from other m echanism s or a t a different 
point in a common imm ortalisation pathway.
As TaHBL20/125 was assumed to be host derived, it m ight be expected to be 
expressed on cells of a related lineage. When the hum an leukemic cell line 
HL-60 was examined it was found th a t monoclonal antibody 4H5 recognised 
a molecule of 160 kDa on the  surface of these  cells. F u rtherm ore , 
expression of th is  an tigen  was found to increase, in a lineage specific 
m anner, following differentiation tow ards granulocytes. Recognition of 
TaHBL20/125 by monoclonal antibody 4H5 was found to be sensitive to 
conditions known to a lter the structural integrity of polypeptides. This was 
also found to be the case in HL-60 cells, where recognition of the  g l60  kDa 
antigen by the antibody on immunoblots was entirely dependant on the use 
of non-denaturing conditions and treatm ent with periodate.
Sufficient am ounts of TaHBL20/125 were purified by im m unoaffinity  
chrom atography to allow peptide sequencing to be perform ed. The N- 
term inus of the antigen was found to have significant homology to hum an 
ICAM-1. This was of particu lar in terest, as infection by the  parasite  is 
known to induce alterations to the surface of the  host cell which enable 
infected cells to adhere to each other or to the surface of the  culture vessel. 
In  addition, cell-cell contact has been shown to be im p o rtan t in  the  
proliferation of T. parva  (Dobbelaere, et al., 1991). Some of the  sim ilarities 
between ICAM-1 and TaHBL20/125 could be extended to the  g l60  kDa 
antigen  in HL-60, though there  are  two reasons why g l6 0  m ay not 
represent ICAM-1. Firstly, ICAM-1 has a variable m olecular w eight of 
between 76 kDa and 114 kDa and the antigen detected by monoclonal 
antibody 4H5 in HL-60 granulocytes was found to be 160 kDa. Secondly,
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expression of ICAM-1 in HL-60 is induced following differentiation towards 
m acrophages and granulocytes (Staunton, et a l ., 1988; Triozzi, et a l ., 1992), 
w hereas expression of the g l60  antigen was found to be res tric ted  to 
granulocytes only. However, the difference in size between TaHBL20/125 
and g l60  could be accounted for by different post-transcriptional or post- 
tran sla tiona l modifications to homologues, as these types of m odification 
have been well documented for CAMs, including ICAM-1 (C lark, et a l ., 
1986; Dustin, et a l., 1986; Reyes, et a l ., 1991). It is also possible th a t post- 
transla tiona l or post-transcriptional differences could resu lt in  the  loss of 
the  epitope for monoclonal antibody 4H5 in macrophages, resu lting  in the 
inability of the antibody to recognise gl60 in this cell type.
Striking sim ilarities were found between gl60 and the CD6 6  homotypic cell 
adhesion molecule. Both these molecules are the same size and are induced 
in HL-60 following differentiation towards granulocytes. A comparison of 
th e  s tru c tu ra l dom ains found in ICAM-1 and CD6 6  shows th a t  both 
molecules contain immunoglobulin domains of the C2 set (Figure 6.1.). It is 
possible therefore, th a t the antigens recognised by monoclonal antibody 
4H5 in  T. annulata  infected cells and in HL-60 granulocytes, rep resen t 
closely re la ted  molecules which could share  s tru c tu ra l epitopes for the 
antibody. CD6 6  is a m ember of the CEA subgroup and cross reactiv ity  of 
monoclonal antibodies for shared epitopes has been documented as a  major 
problem for the assignm ent of members to th is group (Engvall, et a l ., 1978; 
P ax ton , et a l., 1987; Shively and Beatty, 1985; Thompson, et a l ., 1987). 
Thus, th ere  are a num ber of candidate molecules which could be the 
homologue of the infection associated antigen recognised by monoclonal 
antibody 4H5. Definitive identification could only be m ade by obtaining 
further data, which ideally would be at the amino acid level.
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F ig u re  6.1. Model of domains found in leukocyte m em brane 
proteins ICAM-1  and CD6 6 . Adapted from Barclay, A. N. et al 
(1993)
To identify the gene encoding the TaHBL20/125 an tigen  screening of a 
cDNA library was undertaken. Pooled oligonucleotide probes were designed 
from  th e  am ino acid sequence d a ta  ob ta ined  for TaH B L20/125. 
Considerable difficulties were encountered in both the  design of the  
oligonucleotides and in  th e  e stab lish m en t of specific hy b rid isa tio n  
conditions. Unfortunately, no clones encoding the TaHBL20/125 gene were 
isolated. The sensitivity of monoclonal antibody 4H5 to factors affecting the 
s truc tu ra l integrity of its epitope was a m ajor lim itation w hen considering 
the  various methods available w ith which to clone the gene. One way of 
possibly overcoming these difficulties would be to u tilise  the  protocols 
established here to purify g rea ter am ounts of TaHBL20/125. Purified 
antigen  could then  be used to raise  an tise ra , which m ight specifically 
recognise denatu red  TaHBL20/125 antigen . The iso lation  of a less 
sensitive, specific antibody would be predicted to increase the  chances of 
isolating the  gene encoding TaHBL20/125 using im m uno-screening of 
T he ileria  infected cell or m am m alian cDNA expression lib raries. In 
addition, purification of larger amounts of antigen might also enable further 
experim ents to be undertaken  using proteolytic cleavage to generate  
sm aller and, possibly, less degenerate fragm ents of the antigen for peptide 
sequencing.
It would be of interest to examine if host C AMs are up-regulated directly by 
the  parasite , and perhaps perform a specific function during  infection. 
Alternatively expression of CAMs may play no role in the course of infection 
and could be the result of a secondary event brought about by increasing 
levels of transcription factor NF-kB, as th is a ltera tion  has been associated 
w ith the parasite induced transform ation (Ivanov, et a l., 1989) and is known 
to be directly involved in the control of ICAM-1 expression (Voraberger, et 
a l ., 1991).
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O ther studies have also characterised phenotypic changes resu lting  from 
infection associated im m ortalisation and modification of host cell gene 
expression (see 1.7.). These alterations, however, could be secondary events 
linked to transform ation , which are influenced by the developmental sta tu s 
of the  infected cell. The challenge for cu rren t and fu tu re  research  is to 
define the prim ary point of interaction between parasite  derived factors and 
host cell regu la to ry  pro teins which bring  about im m ortalisa tion  and 
essential changes to host cell gene expression.
C haracterisation of the g l60  kDa antigen in HL-60 cells, and the finding 
th a t expression of th is an tigen  was increased following d ifferentiation 
tow ards granulocytes, perm itted  fu rth er studies to be undertaken  into 
para lle ls betw een the  processes d ifferen tia tion  in  T. a n n u la ta  and  
differentiation in h igher eukaryotic cells. Com m itm ent to granulocytic 
differentiation was found to be associated w ith a reversible increase in the 
expression of the gl60 kDa antigen. In addition, alterations in proliferation 
relative to growth, by culturing towards stationary  phase or by the use of 
aphidicolin , increased  the  level of g l6 0  expression and, therefo re , 
progression towards granulocytic differentiation. A model was proposed in 
which alterations in the concentration of key regulators of gene expression 
relative to their DNA regulatory sequences was linked to the probability of 
differentiation.
General parallels between differentiation in Theileria and sim ilar events in 
both o ther protozoan p a rasite s  and  in  h igher eukaryo tes have been 
discussed (see 1.8. and C hapter 4). One possibility is th a t these studies 
reflect the  operation of a prim itive m echanism  of cellular differentiation 
which has been re ta in ed  by lower and  h igher eukaryotes. F u rth e r
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investigation a t the molecular level into these parallels would be aided 
greatly by the isolation of genes encoding both targe t DNA sequences and 
th e ir respective regulatory protein factors. In Theileria  pu tative DNA 
sequences and DNA binding factors have been recently identified, bu t await 
characterisation. However, the lack of a suitable transfection system  for 
T h e ile r ia  m ay lim it fu rth e r investigation  of the  regu la tion  of gene 
expression. A clearer com parison betw een th e  general processes of 
differentiation in protozoan and in h igher eukaryotic system s m ight be 
undertaken  using a different parasitic  system , for exam ple the  in vitro 
inter-conversion of bradyzoites and tachyzoites in T. g o n d ii, w here the  
techniques of transfection, m utagenesis and gene knockouts by homologous 
recombination are well established (Donald and Roos, 1994; Donald and 
Roos, 1995; Donald and Roos, 1993; Kim, et a l ., 1993; Sibley, et al., 1994). 
W hatever system  is used, delineation of the  m echanism s involved in  
differentiation of apicomplexan parasites from one life cycle stage to the  
next will provide valuable inform ation on these  fundam ental biological 
events.
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A ppendix
182
Map o f th e  5' n u cleo tid e  sequ en ce o f X  Zap cDNA clon e 4A1 sh ow in g
th e deduced  am ino acid  sequ en ce for th e  3 forw ard read in g  fram es
GAATTCGGCACCAGAAGTGACATTTATTTTTACACTTCCCCAATGCACAAGTTGTTTTCC
CTTAAGCCGTGGTCTTCACTGTAAATAAAAATGTGAAGGGGTTACGTGTTCAACAAAAGG
1 E F G T R S D I Y F Y T S P M H K L F S
2 N S A P E V T F I F T L P Q C T S C F P
3 I R H Q K * H L F L H F P N A Q V V F P
CTTAAATAAAGGAGACACTTCACACCCCCAGACCTGGGATCTCAGATTTGTTCCCAACAT
GAATTTATTTCCTCTGTGAAGTGTGGGGGTCTGGACCCTAGAGTCTAAACAAGGGTTGTA
1 L K * R R H F T P P D L G S Q I C S Q H
2 L N K G D T S H P Q T W D L R F V P N I
3 * I K E T L H T P R P G I S D L F P T F
TTCCATTCAAGTTGTGTATCCAGAAAGATGTCCAAAAGCAATGTTCTCTCTGCGGCATGT
AAGGTAAGTTCAACACATAGGTCTTTCTACAGGTTTTCGTTACAAGAGAGACGCCGTACA
1 F H S  S C V S R K M S K S N V L S A A C
2 S I Q V V Y P E R C P K A M F S L R H V
3 P F K L C I Q K D V Q K Q C S L C G M F
TCCTTGTTTGAGTTTCCAGTCAGCCAAACTGTCTTCCACCCGGCTTCTCTTTCCTTGTGA
AGGAACAAACTCAAAGGTCAGTCGGTTTGACAGAAGGTGGGCCGAAGAGAAAGGAACACT
1 S L F E F P V S Q T V F H P A S L S L *
2 P C L S F Q S A K L S S T R L L F P C D
3 L V * V S S Q P N C L P P G F S F L V T
CATTTTGACTCCCAAGTCTTTGTGTATCCACACTTGACTTCCTGGGTTTCAGAAATCTGT
GTAAAACTGAGGGTTCAGAAACACATAGGTGTGAACTGAAGGACCCAAAGTCTTTAGACA
1 H F D S Q V F V Y P H L T S W V S E I C
2 I L T P K S L C I H T *  L P G F Q K S V
3 F * L P S L C V S T L D F L G F R N L W
GGTCAGGCCTGCTGCCACTGCCCAGGGAAGTAGTTCCTGAAGGGTCAGTTTCAGGGTCAC
CCAGTCCGGACGACGGTGACGGGTCCCTTCATCAAGGACTTCCCAGTCAAAGTCCCAGTG
1 G Q A C C H C P G K * F L K G Q F Q G H
2 V R P A A T A Q G S S S  * R V S F R V T
3 S G L L P L P R E V V P E G S V S G S Q
AGAGAGCACATCTGACCAAAATAAGTGTGAGCTCAGCACAGCACTCGTGAGCTCAGCATG
TCTCTCGTGTAGACTGGTTTTATTCACACTCGAGTCGTGTCGTGAGCACTCGAGTCGTAC
1 R E H I  * P K * V * A Q H S T R E L S M
2 E S T S D Q N K C E L S T A L V S S A C
3 R A H L T K I S V S S A Q H S * A Q H V
183
TCACTGATGAGTCAGTAAATCAATCCCCTCTGATTGTTGTCTTCTGCTTCTGCTGCTAAG
AGTGACTACTCAGTCATTTAGTTAGGGGAGACTAACAACAGAAGACGAAGACGACGATTC
1 S L M S Q *  I N P L * L L S S A S A A K
2 H * * V S K S I P S D C C L L L L L L R
3 T D E S V N Q S P L I V V F C F C C  * G
GGTCAGCTGGCCACCCTGNAAGTTNTTGNCCTNTTGGCAACCCAAGCACTTGGTGTATTT
CCAGTCGACCGGTGGGACNTTCAANAACNGGANAACCGTTGGGTTCGTGAACCACATAAA
1 G Q L A T L 7 V ?  ? L L A T Q A L G V F
2 V S W P P ? K ? L ?  7 W Q P K H L V Y F
3 S A G H P 7 S 7 7 P 7 G N P S T W C I S
CTNATCTNCAAGCCCTGGNAAGGGNGCTGTTTTGAATTTGTGTTAACATTTTTAACCAGN
GANTAGANGTTCGGGACCNTTCCCNCGACAAAACTTAAACACAATTGTAAAAATTGGTCN
1 L I 7 K P W 7 G 7 C F E F V L T F L T ?
2 ? S ? S P G K G A V L N L C * H F * P ?
3 ? L Q A L ? R ? L F * I C V N I F N Q ?
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Map o f the 5' n u cleotid e  sequ en ce o f  X  Zap cDNA c lon e 4E1A
sh ow in g  th e  deduced  am ino acid  seq u en ce for th e  3 forw ard
read in g  fram es
GAATTCGGCACGAGGAGCGTTTTTAGCTTCGGAAAACATAAAGGGCGTACATTCATGTAC
CTTAAGCCGTGCTCCTCGCAAAAATCGAAGCCTTTTGTATTTCCCGCATGTAAGTACATG
1 E F G T R S V F S F G K H K G R T F M Y
2 N S A R G A F L A S E N I K G V H S C T
3 I R H E E R F * L R K T * R A Y I H V R
GTCTACAACAACGACTCCAGCTATGTGAACTGGATAAGGTCGTTGCCCGAACCTTCCGGG
CAGATGTTGTTGCTGAGGTCGATACACTTGACCTATTCCAGCAACGGGCTTGGAAGGCCC
1 V Y N N D S S Y V N W I R S L P E P S G
2 S T T T T P A M * T G * G R C P N L P G
3 L Q Q R L Q L C E L D K V V A R T F R E
AAATTGCTCGAATTCCTCGATTTTGCAAAAAAATATGAAATGTGCAAAAGCCCAGAAAAT
TTTAACGAGCTTAAGGAGCTAAAACGTTTTTTTATACTTTACACGTTTTCGGGTCTTTTA
1 K L L E F L D F A K K Y E M C K S  P E N
2 N C S N S S I L Q K N M K C A K A Q K I
3 I A R I P R F C K K I  * N V Q K P R K *
AATACTAAGGATTCCATGCAAATTCAACATAATTCACCCAAATGTGTCCAAACAAATGAT
TTATGATTCCTAAGGTACGTTTAAGTTGTATTAAGTGGGTTTACACAGGTTTGTTTACTA
1 N T K D S M Q I Q H N S  P K C V Q T N D
2 I L R I P C K F N I I H P N V S K Q M I
3 Y * G F H A N S T * F T Q M C P N K *  S
CATTCAGGTCTTTTATCACCAAATGCCAATAGAGCTTCTCTAGAATCCAATTTTTTCTCT
GTAAGTCCAGAAAATAGTGGTTTACGGTTATCTCGAAGAGATCTTAGGTTAAAAAAGAGA
1 H S G L L S P N A N R A S L E S N F F S
2 I Q V F Y H Q M P I E L L * N P I F S L
3 F R S F I T K C Q * S F S R I Q F F L  *
AAAAATAAAGATATAACACCGCTTAAATCATATAATACGAATAGTAATTTACGAAATAAT
TTTTTATTTCTATATTGTGGCGAATTTAGTATATTATGCTTATCATTAAATGCTTTATTA
1 K N K D I T P L K S Y N T N S N L R N N
2 K I K I * H R L N H I I R I V I Y E I I
3 K * R Y N T A * I I * Y E *  * F T K * F
TTCAATAATAATAGTGATGCTGTTGTTAATAATTTGAAAAATGAGTCTAATGATAATTTG
3 6 1 ---------------------- 1----------------------- 1------------------------1------------------------1------------------------1------------------------ h
AAGTTATTATTATCACTACGACAACAATTATTAAACTTTTTACTCAGATTACTATTAAAC
1 F N N N S D A V V N N L K N E S N D N L
2 S I I I V M L L L I I * K M S L M I I W
3 Q * * * * C C C * * F E K * V * * * F G
185
1
2
3
1
2
3
1
2
3
1
2
3
GAAGAAAAAACTGGTGCAGAAATAAGTAAGAAGAGGAAAATAGCTAATAATCCGACACCA
4 2 1 ----------------- +------------------+------------------+ ------------------+------------------+------------------ +
CTTCTTTTTTGACCACGTCTTTATTCATTCTTCTCCTTTTATCGATTATTAGGCTGTGGT
E E K T G A E I S K K R K I A N N P T P  
K K K L V Q K * V R R G K * L I I R H Q  
R K N W C R N K *  E E E N S  * * S  D T R
GACGATGTGACAATTACTAGAGATAAGGATTTTGAGGTAGAAAGGCACTGTTATCACCCT
CTGCTACACTGTTAATGATCTCTATTCCTAAAACTCCATCTTTCCGTGACAATAGTGGGA
D D V T I T R D K D F E V E R H C Y H P
T M * Q L L E I R I L R * K G T V I T L
R C D N Y * R * G F * G R K A L L S P S
CACTGAAACACATGCTCGATATTTTTACATCAGAACAAAAGAAAGTAATATGGNCTCTGA
GTGACTTTGTGTACGAGCTATAAAAATGTAGTCTTGTTTTCTTTCATTATACCNGAGACT
H * N T C S I F L H Q N K R K * Y G L *  
T E T H A R Y F Y I R T K E S N M ?  S D  
L K H M L D I F T S E Q K K V I W ?  L M
TGATTGTGATGGTGTTAATATGCTGATGGGAAGTAGAGATCGAGGGGTTTGTTGTCATTG
ACTAACACTACCACAATTATACGACTACCCTTCATCTCTAGCTCCCCAAACAACAGTAAC
* L * W C * Y A D G K * R S R G L L S L
D C D G V N M L M G S R D R G V C C H W
I V M V L I C * W E V E I E G F V V I G
186
Map o f the 5' n u cleo tid e  sequ en ce o f X  Zap cDNA clon e  2C1A
show ing th e  dedu ced  am ino acid  seq u en ce for th e  3 forw ard fram es
GGAATTCGGCACGAGATACTCAATATGCCAGCAAATTTGGAAAACTCAGCAGTGGCCACA
1  +  +  +  +  +  +
CCTTAAGCCGTGCTCTATGAGTTATACGGTCGTTTAAACCTTTTGAGTCGTCACCGGTGT
1 G I R H E I L N M P A N L E N S A V A T
2 E F G T R Y S I C Q Q I W K T Q Q W P Q
3 N S A R D T Q Y A S K F G K L S S G H R
GGACGGGAAAAGGTCAGTTTTCCTTCCAATCCCAAAGAAAGGCACTGCCAAAGAACGCTC
CCTGCCCTTTTCCAGTCAAAAGGAAGGTTAGGGTTTCTTTCCGTGACGGTTTCTTGCGAG
1 G R E K V S F P S N P K E R H C Q R T L
2 D G K R S V F L P I  P K K G T A K E R S
3 T G K G Q F S F Q S Q R K A L P K N A Q
AAACTACCGCACAATTGCACTCATCTCACATGCTAGTAAAGTAATGCTCAAAATTCTCCA
TTTGATGGCGTGTTAACGTGAGTAGAGTGTACGATCATTTCATTACGAGTTTTAAGAGGT
1 K L P H N C T H L T C  * * S N A Q N S P
2 N Y R T I A L I S H A S K V M L K I L Q
3 T T A Q L H S S H M L V K * C S K F S K
AGCCAGGCTTCAGCAGTACGTGAACTGTGAACTTCCAGATGTTCAAGCTGGTTTTAGAAA
TCGGTCCGAAGTCGTCATGCACTTGACACTTGAAGGTCTACAAGTTCGACCAAAATCTTT
1 S Q A S A V R E L * T S R C S S W F * K
2 A R L Q Q Y V N C E L P D V Q A G F R K
3 P G F S S T * T V N F Q M F K L V L E K
AGGC AGAGGAAC C AGAAAC C AAAC TGC C AAAATC C GC TGGATC ATCG AAAAAGC AAGAGA 
TCCGTCTCCTTGGTCTTTGGTTTGACGGTTTTAGGCGACCTAGTAGCTTTTTCGTTCTCT
1 R Q R N Q K P N C Q N P L D H R K S K R
2 G R G T R N Q T A K I R W I  I E K A R E
3 A E E P E T K L P K S A G S S K K Q E S
GTTTCAGAAAAACATCTATTTCTGCTTTATTCACTATGCCAAAGACTTTGACTGTGTGGA
CAAAGTCTTTTTGTAGATAAAGACGAAATAAGTGATACGGTTTCTGAAACTGACACACCT
1 V S E K H L F L L Y S L C Q R L * L C G
2 F Q K N I Y F C F I H Y A K D F D C V D
3 F R K T S I S A L F T M P K T L T V W I
TC AC AATAC AC TGTGGGAAAATCTGAAAGAGATGGGAATAC C AGACC AKC TGAC C TGC C T 
AGTGTTATGTGACACCCTTTTAGACTTTCTCTACCCTTATGGTCTGGTMGACTGGACGGA
1 S Q Y T V G K S E R D G N T R P 7 D L P
2 H N T L W E N L K E M G I P D 7 L T C L
3 T I H C G K I  * K R W E Y Q T ?  * P A S
187
CTTGAGAAATTTATATGCAGGTCAGGAAGGAACAGTTAGAACTGGACATGTAACAGCAGA
GAACTCTTTAAATATACGTCCAGTCCTTCCTTGTCAATCTTGACCTGTACATTGTCGTCT
1 L E K F I C R S G R N S  * N W T C N S R
2 L R N L Y A G Q E G T V R T G H V T A D
3 * E I Y M Q V R K E Q L E L D M *  Q Q T
CTGGTTCCAAATAGGAAAAGGNGTAAGTCACGGCTGTATATTGTCACCCTGTTTATTTAA
GACCAAGGTTTATCCTTTTCCNCATTCAGTGCCGACATATAACAGTGGGACAAATAAATT
1 L V P N R K R 7 K S R L Y I V T L F I  *
2 W F Q I G K G V S H G C I L S P C L F N
3 G S K * E K ? * V T A V Y C H P V Y L T
CTTATATGCAAAGTACATCGTGAGAAATGCTGGNCTGGNAGAGACACANGCTAGANTCAA
GAATATACGTTTCATGTAGCACTCTTTACGACCNGACCNTCTCTGTGTNCGATCTNAGTT
1 L I C K V H R E K C W 7 G R D T ?  * ? Q
2 L Y A K Y I V R N A G L ? E T ? A R ? K
3 Y M Q S T S * E M L ? W ? R H ? L ? S  ?
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Map o f the 5' n u cleotid e  sequ en ce o f X  Zap cDNA clon e 1C1A
sh ow ing  the deduced  am ino acid  seq u en ce  for th e  3 forw ard fram es
GAATTCGGCACGAGGAATTANGTCCTCATAGCAACCAAATTTTACCTTCCAATNTCCAAT
CTTAAGCCGTGCTCCTTAATNCAGGAGTATCGTTGGTTTAAAATGGAAGGTTANAGGTTA
1 E F G T R N 7 V L I A T K F Y L P  7 S N
2 N S A R G I ? S S * Q P N F T F Q ? P M
3 I R H E E L ? P H S N Q I L P S N ? Q C
GTGGATTTTTAGAATNTTACCTNCTCATGTTGGAAGTTCTTNTAGTTTCTTTGACACTAT
CACCTAAAAATCTTANAATGGANGAGTACAACCTTCAAGAANATCAAAGAAACTGTGATA
1 V D F * N ? T ? S C W K F ?  * F L * H Y
2 W I F R ? L P ? H V G S S ? S F F D T I
3 G F L E 7 Y L L M L E V L  7 V S L T L S
CGACACTNCAGAGCTTATTTTGGCTCATTCCTCCTTGTACTGTTCAAGGCAGGTTCCCCA
GCTGTGANGTCTCGAATAAAACCGAGTAAGGAGGAACATGACAAGTTCCGTCCAAGGGGT
1 R H 7 R A Y F G S F L L V L F K A G S P
2 D T 7 E L I L A H S S L Y C S R Q V P H
3 T L Q S L F W L I P P C T V Q G R F P T
C AGAAATT ATT AC C C AT AC AAGC TGC TC AAGC ATC TAGAT AGAAAATC C TGC AGC C C AC A 
GTCTTTAATAATGGGTATGTTCGACGAGTTCGTAGATCTATCTTTTAGGACGTCGGGTGT
1 Q K L L P I Q A A Q A S R * K I L Q P T
2 R N Y Y P Y K L L K H L D R K S C  S P H
3 E I I T H T S C S S I  * I E N P A A H T
CTTGGGAGATGCTGTCACTGTTNGCTTACAGGTAACCCTTCTAATGAAGTTCCCTCCTTT
GAACCCTCTACGACAGTGACAANCGAATGTCCATTGGGAAGATTACTTCAAGGGAGGAAA
1 L G R C C H C 7 L T G N P S N E V P S F
2 L G D A V T V 7 L Q V T L L M K F P P L
3 W E M L S L ? A Y R * P F *  * S S L L *
AATCTCCANTNCACAGTTAGACACCTGCACTCACTTACCAAGATTCTTACTCAANANGAA
TTAGAGGTNANGTGTCAATCTGTGGACGTGAGTGAATGGTTCTAAGAATGAGTTNTNCTT
1 N L 7 7 T V R H L H S L T K I L T Q 7 E
2 I S 7 7 Q L D T C T H L P R F L L ?  ? N
3 S P 7 H S  * T P A L T Y Q D S Y S  7 7 T
CTNAANTAAACCTATCANCTTCTTTCCTNGGCTCTNTCTCCTNATCTCTCCATTTTNNTC
3 6 1 -------------------- + --------------------- + --------------------- + ----------------------+ ----------------------+ ---------------------- +
GANTTNATTTGGATAGTNGAAGAAAGGANCCGAGANAGAGGANTAGAGAGGTAAAANNAG
1 L ? * T Y ? L L S ? A L S P ? L S I  7 7
2 7 7 K P I 7 F F P 7 L 7 L L I S P F 7 S
3 7 7 N L S 7 S F L G S 7 S 7 S L H F 7 Q
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AATNCTNNTNTCAACTNTCANCNGTNCCTANACACANTTACNGTCTTCTCCTTCACTNCC
TTANGANNANAGTTGANAGTNGNCANGGATNTGTGTNAATGNCAGAAGAGGAAGTGANGG
1 N ? ? ? N ? ? ? ? L ? T ? T V F S F T ?
2 ? L ? S T ? ? ? ? ? T ? L ? S S P S L P
3 ? ?  ? Q L S ? V P ? H ? Y ? L L L H ? Q
AANTCCANNGNTTATNGCCTCTCAAGTTCATTNCTTCTCTTCCTTTTCTNCTTCCTTCTT
TTNAGGTNNCNAATANCGGAGAGTTCAAGTAANGAAGAGAAGGAAAAGANGAAGGAAGAA
1 ? S ? ? Y ? L S S S ? L L F L F ? F L L
2 ? P ? ? ? A S Q V H ? F S S F S  ? S F F
3 ? ? ? L ? P L K F I ? S L P F L L P S S
CCTNNCTCCTNCCCCCTAAACANCTCANNNTGGGCATNAATCCCANCANCCCCTAACCTN
GGANNGAGGANGGGGGATTTGTNGAGTNNNACCCGTANTTAGGGTNGTNGGGGATTGGAN
1 P ? S ? P L N ? S ? W A ? I P ?  ? P N L
2 L ? P ? P * T ? ? ? G H ? S ? ? P L T ?
3 ? L L P P K ? L ? ? G ? N P ? ? P * P ?
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Map of the 5! nucleotide sequence of X Zap cDNA clone 1E1A
showing the deduced amino acid sequence for the 3 forward frames
AACTAGTGATCCCCCGGGCTGCAGGAATTCGGCACGACTCTCTTTAGTTCTTTGTACGGA
TTGATCACTAGGGGGCCCGACGTCCTTAAGCCGTGCTGAGAGAAATCAAGAAACATGCCT
1 N * * S P G L Q E F G T T L F S S L Y G
2 T S D P P G C R N S A R L S L V L C T E
3 L V I P R A A G I R H D S L * F F V R R
GGTGAATAAAAACAAAAAGATCCTTCAAAAATGGCAATGTATCTGAATTCCTCAAGCAGG
CCACTTATTTTTGTTTTTCTAGGAAGTTTTTACCGTTACATAGACTTAAGGAGTTCGTCC
1 G E * K Q K D P S K M A M Y L N S  S S R
2 V N K N K K I L Q K W Q C I  * I  P Q A G
3 * I K T K R S F K N G N V S E F L K Q A
CCTGTTTATTGAAAATTAAGACAGGAATACATTAAAACGGTGAAAGGA'TCCAAAGGTGGT
GGACAAATAACTTTTAATTCTGTCCTTATGTAATTTTGCCACTTTCCTAGGTTTCCACCA
1 P V Y *  K L R Q E Y I K T V K G S K G G
2 L F I E N * D R N T L K R *  K D P K V V
3 C L L K I K T G I H * N G E R I Q R W S
CCTGGTCACAGTGCCCCTATCCTACGTTCAATCCATCCTCGGATTTGAGGCCTTCACAAA
GGACCAGTGTCACGGGGATAGGATGCAAGTTAGGTAGGAGCCTAAACTCCGGAAGTGTTT
1 P G H S A P I L R S I H P R I  * G L H K
2 L V T V P L S Y V Q S I L G F E A F T K
3 W S Q C P Y P T F N P S S D L R P S Q S
GCAATCACAGTTAAAGGTTGATTAAGCAACCATCATTTAAATTCTACTAAAAAACAATCA
CGTTAGTGTCAATTTCCAACTAATTCGTTGGTAGTAAATTTAAGATGATTTTTTGTTAGT
1 A I T V K G * L S N H H L N S T K K Q S
2 Q S Q L K V D  * A T  I  I  * I  L L K N N H
3 N H S * R L I K Q P S F K F Y * K T I T
CACTCACRGGATCAAAGCGCCTATCTCAGGAGAAAGAAACCCCCTGGTAAGTTCTAAGAA
GTGAGTGYCCTAGTTTCGCGGATAGAGTCCTCTTTCTTTGGGGGACCATTCAAGATTCTT
1 H S 7 D Q S A Y L R R K K P P G K F *  E
2 T H ?  I K A P I  S G E R N P L V S  S K K
3 L T G S K R L S Q E K E T P W * V L R K
AGCCCTCCTCTCACCTTAGAATTTTTTGCTCTTTGATAACTTCATCCCTTTTTTTGCCAA
420
TCGGGAGGAGAGTGGAATCTTAAAAAACGAGAAACTATTGAAGTAGGGAAAAAAACGGTT
1 S P P L T L E F F A L *  * L H P F F C Q
2 A L L S P * N F L L F D N F I P F F A K
3 P S S H L R I F C S L I T S S L F L P S
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